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Gustatory mechanisms for the detection of fat 

Timothy A Gilbertson 



Recent evidence suggests that free fatty acids may be 
one of the important stimuli used by taste receptor cells 
for the detection of fat. Consistent with this interpretation, 
the proteins necessary for the release and transport of 
lipophilic fatty acids are found in the oral cavity, and taste 
cells have recently been shown to contain fatty-acid-sensitive 
ion channels and transport molecules for the uptake of fatty 
acids. 
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Abbreviations 

DRK channel delayed rectifying K*^ channel 
PCR polymerase chain reaction 

PUFA c/s-polyunsalurated fatty acid 

VEG-P von Ebner's gland protein 



Introduction 

It is of particular importance to understand the mech- 
anisms that regulate the intake of dietary fat because 
of the association between high dietary fat intake and 
the incidence of obesity and related disorders (I']. 
While there has been a significant amount of research 
aimed at exploring the physiological consequences of fat 
ingestion, there have been relatively few studies aimed 
at identifying the gustatory' mechanisms by which dicta r>' 
fat is recognized. Clearly, identifying the transduction 
mechanisms for fat and its site of action will be critical to 
our understanding of the proccssjcs that contribute to the 
consumption of dietary fat. 

One of the obvious sices that plays a role in shaping inges- 
civc behavior is the peripheral gustatory system. Sensory 
preferences have been linked to the ovcrconsumption of 
specific macronutrients (e,g, carbohydrates and fats) and 
may in turn, be directly related to the development of 
obesity 12). Thus, in recent years, the sensory properties 
of fats have begun to receive increasing attention. Because 
of the lipophilic and volatile nature of most molecules 
contained in fats, the * flavor* of these compounds has 
been su^Rcsted to result from the cues associated with 
their texture, taste and smell. Studies of the sensory 
properties of fats have focused almost exclusively on 
triglycerides, which represent roughly 98% of ingested fac. 
From these studies, the generally accepted notion is that 



the texture of fats may be its most salient feature |3'*,41, 
However, recent evidence suggests that the free fatty acids 
contained in fat, or generated during fat ingestion, may 
affect taste receptor cells di reedy via interactions with 
delayed rectifying K+ (DRK) channels IS'^l, or they may 
be taken up in taste cells via fatty-acid transporter proteins 
(6*'I, where they may exert intracellular effects. 

This review will focus on the role of free htty acids 
as potential gustatory stimuli, the associated molecules 
involved in the release and transport of fatty acids in die 
oral cavity, and the implications of these gustatory cues for 
the consumption of dietary fat. 

Fatty acids as primary signaling molecules 

Recent evidence suggests that free fatty acids may be 
potent primary messengers in a variety of tissues, such 
as skeletal, smooth and cardiac muscle (for reviews, 
sec 17,8]). Fatty-acid effects may be cither indirect 
(involving arachidonic acid as the substrate for the 
well-known lipoxygenase, cyclooxygenasc and cytochrome 
P450 pathways) or direct (whereby free fatty acids interact 
with a variety of voltage-activated ion channels). 

In taste cells, voltage-activated ion channels serve a 
number of roles. Taste cells contain both voltage-acrivated 
Na+ and K+ channels, which underiie the action pocendals 
produced during chemostimulation, and voltage-activated 
Ca2+ channels, which enable the rise in intracellular Ca^*- 
necessary for the release of neurotransmitter from the 
taste cells. Moreover, taste cells contain a variety of 
voltage-acrivated, Ca^^-acuvated and leak ion channels 
that serve as the targets for difTcrerit taste sdmuli, cither 
directly or indirectly [9]. Thus, when free fatty acids 
are present in the oral cavity (see below the section 
enritled involvement of lingual lipase and von Ebncr's 
gland proteins), it is possible that these channels, similar 
to those found in other tissues, arc responsive to them. 

Fatty acids as gustatory stimuli 

As mcndoned above, most efforts that have focused on 
identifying the orosensory cues for fat have concentrated 
on the textural cues for fats. There have been few, if 
any, studies that have tested di reedy whether fats affect 
the taste system and, in pardcular, taste receptor cells. 
The results of two recent studies are consistent with 
the view that free fatty acids are important cues for the 
detecdon of fat: my colleagues and I [5"] found that die 
essendal (ax-polyunsaturated) fatty acids (PUFAs) inhibit 
DRK channels is rat caste cells, and Fukuwatari era/. [6**] 
have recendy identified fatty-acid transporters in lingual 
dssue. 



From (613) 991-5726 Order # 06786929DP05674309 Thu 29 Mar 2007 07:32:04 PM EST Page 3 of 7 



448 Sensory systems 



Figure 1 
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Fatty-acid inhibition of ORK channels in a vallate taste receptor cell, (a) The DRK current elicited in response lo a potenttal of +40 mV from a 
holding potential of ^OmV in a whole-cell variatbn of the patch-clamp technique is sensitive to linoleic acid (CI 8:2. 10 ^iM, 10 mm). Note the 
change in peak current and increased inactivation. Recovery is shown 15 min after washing with saline, <b) Specificity and time course of the 
fatty-acid r^nse. Of the fatty acids tested, only the PUFAs (i.e. C18:2, C20:4 and C18:3) inhibited DRK channds (5-]. The nomenclature 
refers to the ratio t>etween the number of carbon atoms and the number of double bonds. t,t-Cl8:2, linotelaidic acid {(mns. fm/7s-linole»c acid); 
C20:4. arachidonic actd; C14:0. lauric acid; C18:1, oleic acid; AA-met, arachklonic acid methyj ester; C18:3, Itnolenic acid. All compounds 
were tested at tOjiM. 



Patch-ciamp recordings of taste buds isolated IVom rat 
tonRuc show chac fatcy acids inhibit DRK channels in more 
than 9.S% of cells examined [5»*1. The effects include 
inhibition of the peak current and an increase in the 
inactivation rate, giving a pronounced reduction in the 
steady-state K+ current compared to control conditions 
{Figure la). These effects are consistent with fatty acids 
acting as open-channel blockers of DRK channels [lOj. 
Interestingly, only FUFAs, which are the csscndal fatty 
acids [11], inhibit DRK channels in taste cells [5"] 
{Figure lb). Thus, the peripheral gustatory system is 
sensitive to the fatty acids that arc required in the diet 



for survival. It appears that fatcy acids act directly on 
the DRK channel because inhibitors of the lipoxygenase, 
cyclooxygenase and cytochrome P450 pathways do not 
inhibit the PUFA response [5'*]. Moreover* PUFAs arc 
effective in inhibiting K+ currents only when applied 
extracclluiariy, effectively ruling out changes in mcmbnine 
fluidity as a major contributor to the effects reported. 
Preliminary results have identified the fatty-acid-sensitive 
DRK channel in caste cells as a Shaker Kvl,5-like channel 
{L Liu et al, abstract 20f>, 20th Annual Meeting of the 
Association for Chcmorcccption Sciences, Sarasota, April 
1997), Shaker KvL5 channels, which are the major DRK 
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channels in the heart, show a similar profile of inhibition 
by PUFAs [10]. It is clear, therefore, that fatty acids can 
have potent, direct effects at the level of the taste receptor 
cell. 

Consistent with the notion that fatty acids are p^iistatory 
cues for dietary fat, Fukuwatari et a!. (6**1 identified 
a fatty-acid transporter in rat lingual epichelia, using 
immunocytochemistry and polymerase chain reaction 
(PGR). Facty-acid transporters, in general, facilitate the 
transport of free fatty acids across biological membranes 
[12**]. These transporters — subtypes of which can trans- 
port short-, medium- and/or long-chain fatty acids — are 
present in a variety of fat-sensitive tissues, including the 
liver, adipose tissue and heart [13]. Immunocytochemical 
staining of lingual tissue has revealed that there is a 
significant amount of the fatty-acid transporrcr protein in 
the apical membrane of taste cells [6**] (Figure 2). 



Figure 2 




Jmmunohifitochemica] staining of rat circumvallate papillae with anti-rat 
fatly-acid transporter antibody. Significant staining is evident in a 
number of cells within each taste bud fTB), and the labefing appears 
concentrated in the apical part (a) of the taste cella VC, vallate crypt. 
Reproduced, with permission, from Fukuwatari et a!. 



One of the apparent roles of fatty-acid transporters in 
taste tissue is to increase intraccJIular Ca2+ concentrations 
(T Fusliiki, T Kawada, T Fukuwatari, abstract in Ckeni 



Saises 1997, 22:332). Presumably, this increase in intracel- 
lular Ca2+ would lead to increased release of neurotrans- 
mitter onto gustatory afferent nerve fibers. Because of the 
widespread effects fatty acids may have on cells [14], die 
uptake of specific fatty acids into taste receptor cells may 
lead to additional, as yet undefined, intracellular effects. 
These effects are probably independent of the effects 
on DRK channels in taste cells, however, as intracellular 
application of PUFAs has no effect in patch-clamp 
experiments [5^*]. An alternative hypothesis is that fatty 
acid transporters play a role in taste cell responses 
to non-essential (i.e. mono-uosatunited and saturated) 
fatty acids. Finally, because lingual epithelial cells may 
also express fatty-acid transporters, it is possible that 
they transport fatty acids across the lingual epithelium, 
where iJiey may reach DRK channels on the basolateml 
juembranes of taste cells or may have access to the 
lingual trigeminal fibers believed to be important for 
meclianoscnsitivc (e.g. tcxtural) properties in the oral 
cavity [15]. 

Involvement of lingual lipase and von Ebner's 
gland proteins 

Free fatty acids are present in a number of foods, often 
up to 0.5% or more of the weight per volume (w/v) 
[16]; therefore, it is plausible that they affect the taste 
cells via the mechanisms outlined above. However, other 
molecules may play important roles in the generation 
and transport of free fatty acids in the oral cavity. These 
include lingual lipase, which is capable of hydrolyzing 
triglycerides, and von Ebner's gland proteins {\^EG-Ps), 
whicli arc structurdlly related to the lipocalins and may 
function in die uansport of lipophilic molecules. 

[lingual lipase has been identified iu both humans and 
rats [17,18]. Like other members of the acid lipase family 
(c,g. gastric lipase and lysosomal acid hpase), lingual 
lipase can hydrolyze triglycerides into free fatty acids and 
monoglycerides [19*], and it may help prc-digcst dietary 
fat [20]. The release of lingual lipase from the von Ebner*s 
gland into the cleft of the vallate and foliate papillae would 
bring it directly into the taste-bud-containing regions of 
the lingual tissue. As DRK channels in foliate and vallate 
taste cells are inhibited by fatty acids (I Kim, \, Liu, 
T Gilbertson, abstract 205, 20ch Annual Meeting; of the 
Association for Chemorcception vScicnccs, Sarasota, April 
1997) and facty-acid transporters are present in tliese 
areas [6**1, the generation of free fatty acids by lingual 
lipase in tliese clefts would activate both these cellular 
mechanisms. Thus, fingual lipases may play a critical role 
in the generation of free fatty acids that, in turn, directly 
affect the peripheral gustatory system. 

The hydrophobicity of fatty acids may necessitate the 
involvement of another molecule in these fat detection 
pathways. Another group of proteins released from the von 
Ebner's glands, VEG-Fs, may facilitate the transport of 
fatty acids in the aqueous environment of the oral cavity-: 
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Figure 3 
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Putative mechanisms in the gustatory response to fatty acids. Free fatty acids, which are present in food or generated from triglycerides (TGs) 
via lingual lipase, are carried in the aqueous environment of the oral cavity by VEG-Ps. The free fatty acids, existing in equilibrium between the 
bound and unbound state, may directly inhibit apical DRK channels to depolarize the taste receptor cell, eventually leading to neurotransmHtar 
(NT) release onto afferent nerve fibers. Fatty acids may also be transported by facilitated diffusion via fatty-acid transporters {FATs). where 
they are accompanied by a rise in intracellular Ga2+ and. presumably, an increase in HT release onto gustatory afferents. In addition, the fatty 
acids taken up into taste cells may have undefined intracellular effects. The fatty acids may also diffuse or be transported through the lingual 
epithelium, where they may directly affect basolateral DRK channels, trigeminal nerve fibers or other potential targets. 



VBG-Ps arc scrucuiraHy related to the lipocalins [21,22], 
vi'hich function primarily in the transport: of lipophilic 
molecules in physiological solutions [23]. It has been 
hypothesized that VEG-Ps transport bitter stimuli (241, 
many of which arc lipophilic [9,25), to the taste receptor 
cells. However, binding studies have demonstrated that 
VEG-Ps do not bind any known bitter compounds; rather, 
they have been reported to only bind free fatty acids [26]. 
VEG Ps have also recently been shown to function as 
cysteine proteinase inhibitors, suggesting they may play 
additional roles unrelated to taste \Z7*]. Nonetheless, there 
appears to be all the necessary machinery in the oral cavity 
to implicate free fatty acids as important taste cues for fat. 
That is, fatty acids may be released in the vicinity of taste 
cells by lingual lipase, transported to the taste receptor 



cell by VEG-Ps, and act on specific taste cell proteins 
(e.g. DRK channels and fatty-acid transporters) to alter the 
activity of the taste receptor cell. This proposed scheme 
for the involvement of fatty acids in the gustatory response 
to fat is illustrated in Figure 3. 

Implications of the 'taste of fat' 

The identification of specific transduction pathways for 
tlic detection of dietary fat may have numerous important 
implications for the performance of tlie gustatory system 
in general. A number of recent reports have postulated 
the presence of an undefined taste mechanism for the 
detection of fat. Recently, Mattes [28] demonstrated that 
oral exposure to fat leads to changes in postprandial 
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lipid metabolism, consistent with there being a sensory 
mechanism for the detection of fat. 

The involvement of fatty acids as potential gustatory' 
cues in the generation of a response for fat-concaining 
stimuli may have other impHcations. While it is presendy 
unclear what is the downstream effect of fatty acid 
transporter mediated uptake of fatty acids in taste cells, 
the inhibition of DRK channels by PUFAs has predictable 
consequences, K+ channels in taste cells have been 
implicated in die transduction pathway of a variety of taste 
stimuli [9,25]. Inhibition of outward DRK currenis either 
directly or indirectly via second messengers has been 
shown to play a role in the response to bitter [29,30], sweet 
[31*-33'1 and acidic [34] stimuli. As PUFAs inhibit DRK 
currents in more than 95% of taste cells examined, this 
implies that die response to these and other tastants may 
be directly affected by fatty acids in food. This potential 
interaction between die *tasce' of fat and other stimuli 
might, for example, help explain the fcporcs suggesting 
that I he presence of fat may alter the response (hcdonics) 
to other tastes (35-37]. 

Interestingly, individuals with the ability to taste the 
bitter substance 6-n-propylthiouraeil (PROP), tlic so- 
called *supcr-tastcrs' (38], have the ability to discriminate 
the fat content of salad dressings (10% versus 40%), 
whereas PROP-inscnsitive *non-tastcrs' do not [39" ]. 
The super-rasters have a signifjcantiy greater density of 
fungiform tasre buds than non-tasters [40], and it has 
been assumed that this is related not to taste, but to 
the trigeminal innervation surrounding the taste buds 
[39*']. Yet, no link have been shown to exist between 
taste bud number and the degree of trigeminal nerve 
innervation. An alternative explanadon, in addition to 
these trigeminally mediated (textural) cues, is that greater 
fat .sensitivity may be related to a greater number of taste 
buds and, hence, a larger number of fatry-acid-sensitive 
taste cells or fatty-acid transporters in the tongues of the 
super-tasters. 

Conclusions 

The recent identification of transduction mechanisms 
for fatty acids has challenged the notion that fats 
provide solely textural cues in the oral cavity. The 
effects of fatty acids in the gustatory system may be 
important for understanding the ways in which the body 
recognizes and responds to the presence dietary fat. 
Indeed, the gustatory mechanisms may represent universal 
mechanisms for the detection of fat, as cells from the 
pancreas and duodenum, which arc sensitive to dietary 
fat, contain fatty-acid-scnsitive DRK channels (I Kim, 
L Liu, T Gilbertson abstract 205, 20th Annual Meeting 
of the Association for Che mo reception Sciences, Sarasota, 
April 1997); in addition, fatty-acid transporters are found 
in intestinal epithelial cells [41.42]. Though both PUFA 
inhibition of DRK channels and fiitty-acid transport clearly 



exist at the cellular level, there is currendy little known 
about the behavioral responses to specific free fatty acids. 
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ABSTRACT Capacitative Ca^-*^ entry is a component of 
the inositol-lipid signaling in which depletion of inositol 
1,4^-trisphosphate (Insi'3)-sensitive Ca^"*" stores activates 
Ca^"^ influx by a mechanism that is still unknown. This 
pathway plays a central role in cellular signaling, which is 
mediated by many hormones, neurotransmitters, and growth 
factors. Studies of Drosophila photoreceptors provided the 
first putative capacitative Ca^**" entry mutant designated 
transient receptor potential (trp) and a Drosophila gene en- 
coding TRP-like protein (trpl). It is not clear how the Ca^*^ 
store depletion signal is relayed to the plasma membrane and 
whether both TRP and TRPL participate in this process. We 
report here that coexpressing Drosophila TRP and TRPL in 
Xenopus oocytes synergistically enhances the endogenous 
Ca^"^ -activated CI" current and produces a divalent inward 
current. Both of these currents are activated by Ca^"*" store 
depletion. In the absence of Ca^*^, Mg^*^ is the main charge 
carrier of the divalent current. This current is characterized 
by lanthanum sensitivity and a voltage-dependent blocking 
effect of Mg^"^, which is relieved at both hyperpolarizing 
(inward rectification) and depolarizing (outward rectiHca- 
tion) potentials. The store-operated divalent current is neither 
observed in native oocytes nor in oocytes expressing either 
TRP or TRPL alone. The production of this current implicates 
a cooperative action of TRP and TRPL in the depletion- 
activated current. 



Stimulation of many cell types by hormones, neurotransmit- 
ters, and growth-factors activates the inositol-lipid pathway 
leading to release of Ca^"^ from intracellular stores. This Ca^^ 
release is followed by an influx of extracellular Ca^"*" via a 
capacitative Ca^^ entry (CCE) mechanism (1). It has been 
suggested that activation of the surface membrane Ca^"*" 
channels is caused by the depletion of Ca^"*" in the internal 
stores and not by the release per se (1-8), Although CCE has 
been described in a large variety of ceils and tissues (summa- 
rized in refs. 5 and 9), its mechanism of activation and 
molecular components is largely unknown. Visual transduction 
in Drosophila, which is triggered by the inositol lipid signaling 
(reviewed in refs. 10-13) has been suggested by Minke and 
Selinger (14) as a powerful model system to study CCE. This 
suggestion was based on the properties of a Drosophila mutant 
designated transient receptor potential trp (15, 16). In the trp 
mutant the photoreceptor potential declines to baseline during 
prolonged intense illumination and renders the photoreceptor 
cell inactive. The receptor potential recovers within 1 min in 
the dark (17). Because lanthanum (La^"^), a known non- 
specific blocker of Ca^"^ channels, mimics many aspects of the 
tip phenotype in wild-type flies (18, 19), it has been suggested 
that trp has defects in Ca^"*" entry into the photoreceptor cells 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 



(14). This prediction has been strongly supported by subse- 
quent experiments demonstrating that the high Ca^"^ perme- 
ability of the light-activated channels (20, 21) is reduced by 
about 10-fold in the trp mutant (22). Furthermore, f luorimetric 
measurements of cellular Ca^^ (23, 24) and measurements of 
a reduction in extracellular Ca^"^ (25) have shown that Ca^**" 
influx is reduced by about 3-fold in the trp mutant relative to 
wild-type Drosophila, suggesting that TRP takes part in the 
main route of Ca^"^ entry into the photoreceptor cells (10, 13, 
14). 

Molecular cloning of Drosophila trp (26, 27) and a related 
Drosophila gene designated transient receptor potential-like, 
trpl (28), revealed that their putative transmembrane domain 
exhibits weak but significant similarity to the a-subunit of the 
voltage-gated Ca^"^ channel (28). Recently, a trpl mutant 
tacking TRPL has been isolated by Zuker and colleagues (29). 
The trpl mutant has a receptor potential similar to wild type 
and it reveals a strong phenotype only in a ^ background. 
Thus, the double mutant trpl;trp is almost totally unresponsive 
to light (29). This study has suggested that TRP and TRPL are 
capable of responding to light activation independently of each 
other, but it does not exclude the possibility that TRP and 
TRPL form a multimeric channel (29). Additional subunit 
might exist but its function should depend on the presence of 
TRP and TRPL. Molecular and physiological data on TRP led 
a number of investigators to express the Drosophila TRP or 
TRPL in insect Sf9 cells (30, 31) or human homologue genes 
of trp {32, 33) in COS, Chinese hamster ovary, and Sf9 cells (9, 
34). The heterologously expressed TRPL forms a constitu- 
tively active non-selective cation conductance, which could be 
enhanced by activation of the inositol lipid cascade (31, 35, 36). 
Heterologous expression of Drosophila TRP forms a conduc- 
tance, which is activated by Ca^"*^ store depletion following 
treatment with the microsomal Ca^"*" ATPase inhibitor, thapsi- 
gargin (30, 37, 38). Expression of Drosophila TRP in Xenopus 
oocytes enhances the endogenous Ca^'^-activated Cl~ conduc- 
tance following depletion of the inositol 1,4,5-trisphosphate 
(InsP3)-sensitive Ca stores (37). Recently, six ftp-related genes 
of the mouse genome were identified in addition to new human 
homologues of trp. The expressed human gene products en- 
hanced Ca^"^ influx following Ca^"^ store depletion (9, 34). 
Furthermore, expression in L cells of small portions of the 
mouse trp genes, in antisense orientation, suppressed the 
endogenous capacitative Ca^"^ entry (9). 

Here we report that heterologous coexpression of Drosoph- 
ila TRP and TRPL in Xenopus oocytes synergistically en- 
hanced the endogenous Ca^^-activated Cl~ current upon Ca^^ 
stores depletion. In addition, the coexpressed TRP and TRPL 
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produced a novel divalent cation current, which was activated 
by store depletion but could not be similarly activated when 
either TRP or TRPL were individually expressed. These 
findings strongly suggest a cooperative action of TRP and 
TRPL in the depletion-activated current. 

MATERIALS AND METHODS 

Analysis of Heterologous Expression of TRP and TRPL. The 

trp (26, 27) and trpl (28) cDNAs were subcloned into 
PGEMHE expression vector, which was constructed for ex- 
pression in Xenopus oocytes (39, 40). Capped cRNA was 
synthesized in vitro and tested by translation in a rabbit 
reticulocyte lysate system before injection into oocytes. An 
amount of 0.2 mg/nal trp, 0.02 mg/ml trpl, and 0.2 mg/ml tip 
in combination with 0.02 mg/ml trpl cRNA, all in final volume 
of 50 nl, were injected into oocytes. The efficiency of trans- 
lation of the trp and trpl cRNAs in oocytes was tested by 
Western blots on days 3-5 after injection. Aliquots equivalent 
to three oocytes were used for Western blot analyses. Aliquots 
equivalent to three Drosophila heads were used as markers for 
TRP and TRPL proteins (Fig. 1). Monoclonal anti-TRP 
antibody (mAb83F6) (41) and affinity-purified rabbit poly- 
clonal anti-TRPL antibodies raised against the C-terminal 
hexadeca peptide of TRPL and enhanced chemiluminescense 
(Amersham) were used to visualized the TRP and TRPL 
proteins (Fig. 1), 

Fluorescent Measurements of Ca*'*' Changes. Fluorescent 
confocal Ca^"^ measurements and electrophysiological studies 
were carried out 3-5 days after injection of cRNAs into 
oocytes. Oocytes were maintained and examined as described 
(42). Non-injected (control) oocytes or oocytes injected with 
cRNA encoding TRP, TRPL, and their combination 
(TRP+TRPL) were loaded with 50 ^M of f luo-3 and 50 ^M 
Fura Red (Molecular Probes). Control oocytes injected with 
50 nl of cRNA buffer gave results indistinguishable from those 
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Fig. 1, Heterologous expression of TRP and TRPL gives rise to 
large amounts of TRP and TRPL proteins. Western blots show the 
expression of TRP {a) and TRPL (£>) in oocytes injected with cRNA 
oltrpy trpl^ and trp-htrply as indicated. Control (uninjected oocytes) and 
extract of three wild-type Drosophila heads (Drosophila) show that the 
equivalent molecular sizes of the Drosophila TRP and TRPL were 
produced in the oocytes, which cannot be confused with endogenous 
oocyte protein of similar structure and size. The data of this figure 
were highly reproducible in oocytes from different frogs (/i = 8). 



of non-injected oocytes. Fluorescent dyes were injected ap- 
proximately 20 min before the measurements together with 10 
jbtM inositol 1,4,5,-trisphosphate 3-deoxy-3-fluoro (InsPs-F) 
(final concentration, Sigma). The oocytes were bathed in 
Ca^'^-free ND96 medium containing: 96 mM NaCl, 2 mM KCl, 
5 mM Hepes, 10 mM MgCh, 0.2 mM EGTA. Intracellular 
Ca^"^ changes were measured before and during Ca^"^ appli- 
cation and after washout of the Ca^'^-containing solution. In 
the Ca^"^-containing solution, EGTA was replaced with 2 mM 
CaCl2 and MgCl2 was reduced to 1 mM. Data acquisition was 
performed using the Sarastro confocal laser scanning micro- 
scope where the excitation light was 488 nm, the dichroic 
mirror was LP595, and the emission filters were 640DF35 and 
530DF30 (Omega Optical, Brattleboro, VT) for the Fura Red 
and fluo-3 fluorescence, respectively. Scans included 512 x 
512 pkels, with a pixel size of 2 ixm using the PI Fl 10/0.30 
(Leitz) objective lens and a pinhole of 100 mm. Ratios were 
calculated as F640/F530 fluorescence. Ail oocytes were also 
tested electrophysiologically after the fluorescence measure- 
ments and gave results similar to those presented in Fig. 3. 

Electrophysiological Measurements Using Voltage- 
Clamped Oocytes. For electrophysiology, oocytes were im- 
paled with two glass microelectrodes, which were filled with 3 
M KCl with a resistance of 0.5-2.0 Mfl. The cells were voltage 
clamped using the standard two electrode-voltage-clamp tech- 
nique. Drugs were added externally to the perfusate, while 
InsP3-F (10 mM, final concentration) was injected into the 
oocyte with a Drummond 10 ml microdispenser. The small 
differences between the histograms of Fig. 3 c and d and the 
summary histogram of Fig. 5 arise from differences in the 
quality of the oocytes used in the various experiments. The 
most significant results were obtained in oocyte groups show- 
ing no deterioration with age and minimal leak currents. 

Whole-Cell Recordings of Light-Induced Current (LIC) in 
Drosophila, Current-voltage relationship of the leak-subtracted 
peak Lie were plotted from responses to identical 100 ms light 
flashes of orange light (OG 590, Schott edge filter). The UCs 
were measured from Drosophila isolated ommatidia during 
whole-cell voltage clamp recordings as described (22, 23). Bath 
solution contained: 120 mM NaCl, 5 mM KCl, 10 mM TBS 
buffer (pH 7.15), 30 mM sucrose, 8 MgS04, with no Ca^^ 
added. The whole-cell recording pipette contained: 100 mM 
CsCl, 15 mM TEA, 2 mM MgS04, 10 mM TES buffer (pH 
7.15), 4 mM MgATP, 0.4 mM Na2GTP. 

RESULTS 

Western Blot Analysis Showing Expression of TRP and 
TRPL. Expression of TRP and TRPL proteins in Xenopus 
oocytes microinjected with cRNA to their respective genes was 
demonstrated by Western blot analysis using monoclonal 
anti-TRP antibody (41) (Fig. la) or affinity-purified anti- 
TRPL antibody (Fig. lb). We have found that high levels of 
TRPL expression largely reduced the survival time of the 
oocytes and, therefore, the level of TRPL expression should be 
carefully controlled. In contrast, the expression level of TRP 
had no effect on the survival time of the oocytes. Accordingly, 
we injected a 10-fold larger amount of cRNA encoding TRP 
than TRPL. The significant reduction in expression of TRP or 
TRPL in oocytes coexpressing TRP+TRPL is probably due to 
competition on the protein synthesis system of the oocyte. 

Fluorescent Measurements of Ca^^ Changes Reveal En- 
hanced Ca^-*- Permeability in TRP+TRPL-Expressing Oo- 
cytes. Fluorescent Ca^"^ indicators were used to detect intra- 
cellular Ca^^ changes in oocytes expressing TRP, TRPL, or 
both (TRP+TRPL, Fig. 2). CCE was induced by depletion of 
the InsPa-sensitive Ca^"*" stores and measured as a change in 
intracellular Ca^"*" following application of Ca^"^ to the external 
medium. Confocal images of Fura Red/f luo-3 ratio difference 
revealed an enhanced rise in cytoplasmic Ca^"^ in 
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Fig. 2. Coexpression of TRP and TRPL largely enhances Ca^^ influx 
into Ca^^ stores-depleted oocytes, (a) Confocal images of ratio changes 
between resting and peak Ca^"*" levels during application of Ca^"*" con- 
taining solution (2 mM). Changes of ratios were coded as the green-to-red 
gradient together with the z-axis magnitude. One pair of optical sections 
across the oocyte of about 70 /uin deep was analyzed to form each image. 
The "ring** shape of the image is due to the melanin pigmentation, which 
interferes with the fluorescence detection from the center of the oocyte. 
(b) A plot of changes in fluorescence ratio as a function of time in the 
oocytes shown in a. The ordinate plots the average ratio difference 
(^°(64tV530) - -R^(64(V530)) whcrc R is thc avcragcd fluorescence ratio of the 
scan before {R°) or during and after (R^ Ca2+ application. The ratio of 
the pixels was averaged for a whole scan after threshold noise reduction. 
The normalized average ratio difference of TRP+TRPL was 2.08 ± 0.23 
(n = 5) times the averaged control (n - 9), as compared with TRPL alone 
at 0.82 ± 0.10 {n = 5) times the conuol. The TRP+TRPL group was 
significantly different from the other oocyte groups (P < 0.01), whereas 
the other oocyte groups were not significantly different (P > 0.05). The 
initial Ca^"^ level was variable among oocytes; therefore, ratio differences 
were used to demonstrate consistent results similar to those shown in Fig. 
3 b and c. The magnitude of the ratio differences varied in different 
experiments; therefore, the summary results were normalized. The time 
of Ca^"*" application and removal is indicated by up- and down-pointing 
arrows, respectively. 



TRP+TRPL-expressing oocytes (Fig. 2a). Spatial averages of 
fluorescence ratios at different times are shown in Fig. 2b. The 
oocytes expressing TRP+TRPL showed a 2- to 3-fold larger 
increase in cytoplasmic Ca^"^ than did control oocytes or 
oocytes individually expressing either TRP or TRPL, suggest- 
ing a larger Ca^^ permeability of the TRP+TRPL-expressing 
oocytes (Fig. 2b). The Western blots (Fig. 1) indicate that the 
large response of the TRP+TRPL system (Fig. 2) could not be 
due to excessive expression of either TRP or TRPL. 

Functional Coexpression of TRP+TRPL Produced Capac- 
itative Ca^"*" Entry Currents. To analyze CCE oocytes were 
bathed in Ca^'*"-free medium and the InsPj-sensitive Ca^"*" 
stores were depleted of Ca^"^ either by treatment with thapsi- 
gargin (1 /iM) for ^^2 hr before the measurements, or by 
intracellular injection of InsPa-F (10 fxM). This procedure 
totally eliminated intracellular calcium as verified by subse- 
quent injection of InsPa-F (10 ^M), which failed to induce any 
response (n = 8) (43, 44). An increase in cellular Ca^^ 
produces a large native Ca^"^ -activated CI" current (la.Ca), 
which interferes with direct Ca^"^ current measurements (37, 
44-46). Therefore, two independent procedures were used to 
assess divalent cation permeability: (i) endogenous Ici,Ca was 
used as a sensitive reporter for an increase in cellular Ca^"*" 
(Fig. 3a), («) a novel inward current carried mainly by Mg^"^, 
(referred to as Drosophila store-operated current, Idsoc) was 
measured in the absence of external and internal Ca^"^. A prior 
injection of 2 mM EGTA (final concentration, n = 7, see Fig. 
3b) ensured that the internal Ca^^ stores were totally depleted. 

Ici.ca was activated by a Ca^"*" pulse, followed by a voltage 
step from holding voltage of -10 mV to -120 mV in Ca^"^ 
store-depleted oocytes. The voltage step increased the driving 
force for Ca^"*" influx. An instantaneous leak current followed 
by a transient inward Ia,ca current with well-described char- 
acteristics was measured (44, 45). A relatively small Ici,ca was 
observed in non-injected (control) oocytes or in oocytes 
expressing TRP (Fig. 3a, but see Fig. Sa). Oocytes expressing 
TRPL revealed a dependence of Ici.ca on the chemical agent 
used for Ca^"^ store depletion (see below, Figs. 3 a and c and 
5a). Oocytes expressing TRP+TRPL showed the largest Ici.ca 
(Figs. 3 a and c and 5a), 

Properties of the Depletion-Activated Divalent Current. To 
measure Idsoc in Ca^"^ store-depleted oocytes the holding 
voltage (-10 mV) was stepped to - 120 mV in the presence of 
10 mM external Mg^^ and Ca^"^-free medium. The store- 
depletion-activated Idsoc was observed only in oocytes ex- 
pressing TRP+TRPL (Figs, 3 and and 5b). Lanthanum, an 
efficient blocker of the r/p-dependent conductance in Dro- 
sophila photoreceptors (19, 22) completely and reversibly 
blocked Ici,ca and Idsoc (Fig. 3 c and d). Idsoc had a slow rise 
time of ^3 min {n = 6); also, it did not decline during the 
negative voltage step. These properties of Idsoc may arise from 
a partial voltage-dependent blocking effect of Mg^"^ (see 
below) that was slowly removed by the large hyperpolarizing 
voltage step and from the absence of Ca^"''-mediated negative 
feedback, respectively. Ca^'^'-mediated negative feedback is 
typical for InsP3 systems (5, 43). 

The current-voltage relationship (I-V curve) of Idjoc (^^E* 4) 
showed an increased inward current below -80 mV (inward 
rectification) and outward current above 30 mV (outward 
rectification). Similarly, the Drosophila LIC shows an I-V curve 
with inward and outward rectification (22, 41) (Fig. 4, Inset). 
When Na"^ was replaced with the impermeable cation N- 
methyl-D-glucamine at 10 mM external Mg^"*" no significant 
effect on the I-V curve was observed. This suggests that Mg^"*" 
is the main cationic charge carrier of Idsoc (Fig. 4). However, 
Mg^"^ had an inhibitory effect on the amplitude of Idsoc 
showing a decrease in inward current when external Mg^"^ was 
increased. Thus, the dependence of Idsoc on external Mg^"^ 
concentration is complex and requires further study. There are 
quantitative differences between the Drosophila LIC and 
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Fig. 3. Functional coexpression of TRP+TRPL in Xenopus oocytes produced a capacitative Ca^"^ entry system revealed by la.Ca and Idsoc- 
Shown is a single experiment, employing several oocytes from a single frog that were maintained and treated together, (a) Measurements of currents 
(la.Ca) in thapsigargin-treated oocytes (1 in Ca^+.free solution for 1.5-2 hr). Ia,ca was activated by stepping the holding voltage from -10 
mV to -30 mV (upper traces) and to -120 mV (bottom traces) to show the relatively small instantaneous leak current in solution containing 1 
mM Ca^"*" (see Fig. 2). Oocytes were injected with cRNA 5 days before the measurements, (b) Measurements of Idsoc were carried out as described 
in fl. The same oocytes were perfused with Ca^^-free ND96 solution (10 mM Mg^"*"). In some of the measurements, 2 mM EGTA was injected 
into the oocytes 1-2 hr before the recordings, but no significant effect on Idsoc was found. Idsoc was totally and reversibly blocked by addition 
of 1 mM La3+ to the perfusate (c and d). Idsoc was also blocked reversibly by 500 but not by 50 /iM, La^^ (n = 12). (c and d) Histograms 
summarizing the results from all the oocytes of the same experimental run of a and b. Five to 10 oocytes were used for each of the experimental 
groups of a and b. The histograms present the mean and SEM of the peak la.Ca (c) and maximal Idsoc (d) measured at - 120-mV holding potentials 
after the instantaneous leak currents were subtracted from all current traces. The TRP+TRPL group was significantly different from the other 
oocyte groups of c (P < 0.01). The control and TRP groups were not significantly different {P > 0.05). 



Idsoc The Lie of Drosophila is more sensitive to La^^ (ref. 22, 
and see legend of Fig. 36) and has a larger Na"^ permeability 
than Idsoc of the oocytes expressing TRP +TRPL (22) (Fig. 4). 

Without Ca^^ store depletion at non-toxic TRPL expression 
level (see below), neither Ia,Ca (44) nor Idsoc could be 
observed (Fig. 3 c and d) even with elevated external concen- 
tration of Ca2+ (10 mM, w = 9) or Mg2+ (40 mM, n = 8). 
Oocytes injected with a 10-fold larger dose of trpl cRNA 
showed a significant Ia,Ca or inward Mg^"^ current similar to 
Idsoc; however, this current was activated by a negative voltage 
step without depletion of the Ca^"^ stores (n = 21). The latter 
effect is reminiscent of a property of the currents that have 
been described in TRPL-expressing Sf9 cells, which show 
constitutively active cationic channels (30, 31, 36), but poor 
ability to conduct Mg^"*". However, these conditions were toxic 
and most of the oocytes died within 4 days depending on the 
expression level of TRPL. 

The summary histogram in Fig. 5 a shows that oocytes 
expressing TRP or TRPL exhibited a dependence of I a,Ca on 
the method of Ca^^ store depletion. In the TRPI^expressing 
oocytes, depletion using thapsigargin significantly reduced 
la.Ca below the control level, whereas depletion using InsP 3-F 
enhanced the la.ca current above the level of the controls (Fig. 
Say In oocytes expressing TRP alone, thapsigargin treatment 
exhibited a significant increase in I a,ca over control oocytes 
(37), which was not observed in InsP 3-F treated oocytes (Fig. 
5a). The above differential effects are reminiscent of the 
results reported for Sf9 cells expressing individually TRP or 
TRPL (30, 31, 36). At present we do not have sufficient data 
to explain the effects of either TRP or TRPL on I a,ca or the 
currents recorded in Sf9 cells. A possible explanation is that 
the effects shown in Fig. 5 a are apparently due to individual 
interactions of TRP or TRPL with the endogenous CCE (8, 9). 
Such individual interactions may also account for the enhance- 



ment of the depletion-activated current described for Sf9 cells 
or la.Ca recorded in oocytes expressing TRP alone (30, 37, 38). 
Oocytes expressing TRP+TRPL revealed approximately 
3-fold larger Ici.ca than the controls regardless of the method 
used to deplete the Ca^"^ stores (Fig. 5a). The simmiary 
histogram in Fig, 5b shows that under our experimental 
conditions the store-depletion activated Idsoc was observed 
only in oocytes expressing TRP+TRPL. 

DISCUSSION 

The induction of the Idsoc response to Ca^"*" store depletion, 
in oocytes coexpressing Drosophila TRP+TRPL, clearly 
showed that these proteins are efficiently coupled to the 
endogenous store-depletion signal. Depletion of internal 
stores in Drosophila photoreceptors by thapsigargin fails to 
induce inward current in the dark (47). However, application 
of ionomycin together with Ca^"*" chelators, a procedure that 
might be expected to deplete intracellular stores, leads to 
production of inward current in Drosophila photoreceptors 
suggesting that CCE does exist in Drosophila photoreceptors 
(R. C. Hardie, personal conununication). 

The most significant result of coexpressing TRP+TRPL was 
revealed by measuring Idsoc and its voltage-dependent Mg^"*" 
current showing inward and outward rectification (Fig. 4) in 
thapsigargin-treated oocytes. Similarly, the LIC of Drosophila 
has a permeabiUty to Mg^"^ (22), as well as a voltage-dependent 
blocking effect of Mg^"^ (48). The creation of La^"^ -sensitive 
Mg^"^ current with inward rectification in the oocyte is thus 
similar to a unique characteristic of the Drosophila photore- 
ceptor cell. 

Unlike Idsoc, capacitative Ca^"^ entry current in various 
vertebrate cells is carried almost exclusively by Ca^"'" (3, 4, 
49-51; but also see ref. 52). It therefore appears that the 
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Fig. 4. Current-voltage relationship of Idsoc in oocytes expressing 
TRP+TRPL. Inward and outward rectification typical of Drosophila 
light-activated current are shown. Current-voltage relationship (I-V 
curve) plotting the leak-subtracted maximal Idsoc as a function of 
holding voltage in InsPa-F (10 yM) or thapsigargin-treated oocytes 
incubated in Ca^+-free medium (see Fig. 3 a and b). Solutions are as 
in Fig. 3f». The I-V curves were measured before (•) and after (o) Na^ 
was replaced by AT-methyi-D-glucamine (NMDG, 96 mM). Graphs 
show the average of currents obtained from nine oocytes of a single 
experiment. Very similar results were obtained in five other experi- 
ments. {Inset) Current-voltage relationship of the leak-subtracted peak 
Lie responses to identical 100-ms light flashes of orange light (OG 
590, Schott edge filter) recorded from Drosophila isolated ommatidia 
during whole-cell voltage clamp recordings as described (22). 

TRP+TRPL-dependent current has some properties differ- 
ent from the capacitative Ca^"*" entry currents of several 
vertebrate cells (5, 7). Idsoc is also different from the 
currents found in the Sf9 cells expressing either TRP or 
TRPL, which are characterized by a linear I- V curve, absence 
of a Mg2+ block of the TRP-dependent conductance; and a 
constitutive activity of the TRPL-dependent conductance. 
The coexpressed TRP + TRPL-dependent current in Xeno- 
pus oocyte suggests that we have reconstituted a capacitative 
Ca^^ entry mechanism with some similarity to the native 
Drosophila system. Our data suggest that a cooperative 
action of TRP and TRPL is efficiently coupled to the 
endogenous Ca^"*" store-depletion signal. The synergistic 
activity of TRP and TRPL in the production of the depletion- 
activated current suggest that these proteins interact with 
each other (for a review see ref. 13). The simplest interpre- 
tation of our results is that TRP and TRPL contribute 
channel subunits to form a multimeric channel. Neverthe- 
less, our results, as well as the individual expression of 
Drosophila TRP, TRPL, and the human trp homologue genes 
(9, 30, 31, 34-36) have not demonstrated that the various 
TRP proteins form ionic channels. It is still possible that 
these expressed proteins exert their function through the 
endogenous CCE channels (8, 9), Other approaches, such as 
coimmunoprecipitation of TRP and TRPL should be used in 
future experiments to demonstrate that the physiological 
synergism found in this study is based on physical interaction 
between the two proteins. Also, single-channel recordings 
should be made to study the identity and properties of the 
depletion-activated channels. This study has established a 
useful basis for such future studies. 
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Fig. 5. Histograms summarizing Ia.ca and Idsoc in TRP, TRPL, 
and TRP+TRPL-expressing oocytes in experiments similar to those in 
Fig. 3. (a) la.Ca measured in InsPs-F-treated oocytes (left ordinate) or 
thapsigargin-treated oocytes (right ordinate). Eleven independent 
experiments used 16-64 oocytes in each group. The TRP+TRPL 
groups were significantly different from the other oocyte groups {P < 
0.01), whereas the other oocyte groups were not significantly different 
in the InsPs-F-treated oocytes {P > 0.05). In the thapsigargin-treated 
oocytes all groups were significantly different from each other {P < 
0.01 for a comparison between the control TRPL and TRP+TRPL 
groups; P < 0.05 for a comparison between the control and TRP 
group), {b) Idsoc measured in InsPa-F or thapsigargin-treated oocytes. 
Seven independent experiments used 8-22 oocytes in each group. 
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SUMMARY: Activation of phospholipase C, elevation of free cytosoUc Ca^^ concentration 
([Ca^^jj) and stimulation of Ca^'*' influx have been implicated in Drosophila phototransduction. 
Electrophysiological studies suggest that trp and tqjl proteins may be important for the light- 
activated Ca^"^ current found in Drosophila photoreceptor cells. Although these proteins exhibit 
homologies to voltage-gated Ca^^ and Na*** channels, their actual function in insect cells and their 
reJatiod to proteins involved in mammalian cell Ca2+ signaling remains unknown. In the present 
study, [C^"^i was examined in fura-2-loaded Sf^ insect cells infected with recombinant 
baculovirus containing cDNA for the (rpl prolan. Ca2+ infhix was examined by use of Ba^"*". a 
Ca^"*" surrogate tliat is not a subslrale for Ca2''"-pumps or carriers and by measurement of wholes- 
cell membrane currents. The results suggest that expression of (rpl is associated with appearance 
of a Ca^* permeable, non-selective cation channel formed by the irpl protein. « 1994 Ac-d««ic 

T*m»9. Inc. 



Light stimulation of the photoreceptor cells of Drosophila iiutiaies a cascade of events 
involving activation of phospholipase C, ao increase in inositol-! ,4,5-tnsphosphate (lns(I,4,5)P,). 
mobilizaticn of iatracdlular Ca'* and an opening of cation-selective ion channels in the 
plasmalemma. This causes an increase in membrane cunrent and a sustair»ed depolarization of the 
receptor potential (1). In the transient receptor potential mutant {trp), low level light stimulation 
of the photoreceptor cell produces a near normal response whereas, stimulation with intense light 
causes only a Xmistzni change in receptor potential; the prolonged depolarization seen in the wild 
type cell is eliminated as is the sustamed inward current (2-4). Although the actual fbnction of the 
irp protein has not been determined, it has recently been proposed that frp is a Kght^activated 
Ca^^ channel (3,5). Another protein iniiially identified as a calmodulin^binding protein, has been 
cloned from Drosophila and designated as trpA\ke or trpl since it sliares substantial sequence 
homology with trp (5), Hie proposed transmembrane segments of both trp and irpl show 
homologies to membrane spanning regions of vohage-gatcd Ca^"^ and Na"*" channels. 
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Tnterestin^y, some light-activated niembrane current is obsep/ed in the trp mutant during intense 
light stimulation ahhough it is only transiently activated (3). This has led to speculation that trp 
encodes for a Ca^ *--seiectivc channel responsible for the sustained current component, whereas 
trpl encodes for a Ca^"^-activated. non-sdecth'c cation channel responsible for the transient 
change in membrane current (1 ,5). 

In the present study we infected Sf9 insect ceib with recombinant bftculovirus containing 
the trpi cDNA under control of the polyhedrin promoter {trpl cells). Plasmalemmal permeability 
to Ca^* was determined using bo(h funi*2 and whole ceD patch clamp techniques. As conuol. the 
results were compared to Sf9 cdls infected with reconibtiwit baculovirus containing the cDNA 
for the Ms muscarinic receptor (M5 cells). The results suggest that expression of (rp! is 
associated with an increase in plasnialemmal permeability to Ca^' which reflects the activity of a 
novel cation channd. 
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MATERULS AND METHODS 

SoliitioRS and reagents. Unless otherwise indicated. MES-buffcred saline (MBS) 
contained the following: 10 mM NaCI, 60 inM KQ, H niM MgCb, 10 mM CaCt, 4 mM t>- 
glucose no mM sucrose, 0.1% bovine serum albumin, and 10 mM MES, prt adjusted to 6.2 at 
room t«npcratuf« with Trizma-basc. The fuIHength cDNA for irpl (pA153. 14/29) (5) was 
generously provided by Dr. Leonard E. Kelly (Department of Genetics. University of Melbourne, 
Parkville, Victoria, Australia). 

Culture of S(9 cells. S© cells were obtained from Invitrogen (San Diego, CA) and were 
cultured as previously described (6) using Grace's Insect Medium (Gibco) supplemented with 
lactalbumin hydrolysate. yeastolate, L-glutamine, 10% heat-inactivalcd fetal bovine serum, and 
1% penicillin-strcptofflycin solution (Oibco). 

Froduction of recombinant baculoviruses and infection of Sf9 celli. The cDNA 
encoding the M$ nuiscarinic receptor and (rpi were subcloned into baculovirus tranfcx vector, 
pVLl392 and pVL1393» respectively, using standard techniques (7). Recombinant viruses were 
produced using the BaculoGold Transaction Kit (PharMingen, San Diego, CA). For routine 
infection, SB ceils in Grace's medium were allowed to attach to the bottom of a 100 mm plastic 
culture dish (lO' cells/dish). Following mcubation for 1 5 mtn to 1 hr, an aliqxiot of viral stock 
(muhiplicity of infection was 20 and 3 for Mj and frph respectively) was added and the cultures 
were maintained at 27*0 in a humidified air atmosphere. Unless otherwise indicated, cells were 
used at 30-36 his. post-infection. 

Measurement of free cytosdic Ca** concentration ([Ca^d in dispersed SI9 celb. 
[0?% was measured at room temperature using the fluorescent indicator, lura-2, as previously 
described (8-10). [Ca^^li was calculated by the equation of Grynlciewicz et al. (II) using the Kd 
value for Ca^* binding to fura-2 of 278 nM deiertnined at 22°C (12). The figures show 
representative traces from experiments perforrrod at least 3 times. 

Electrophysiological niethods. The patch clamp tochnique for whole-cell recording was 
utilized in these studies (13). All electrophysiological experiments were performed at room 
temperature. Currents were acquired on lino and analyzed using the comnwrcially available 
pClamp ^ograms (Axon Intruments). The pipette (inu-acellular) solution contained 100 mM Na- 
Gluconate. 1 mM KCK 10 mM fffiPES. pH. 6.5. OsmoJarity was adjusted to 320 roosM with 
mannitol. The bath (extracellular) solution was MBS. 
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RESULTS AND DISCUSSION 

In order to examine endo^jeaous Ca^ signaling mechanisms. SB ceils were infected with 
recombinant baculovirus containing the cDNA for the Mj receptor Addition of carbachol to 
fiifa-2-Ioaded M, cells produced the typical biphasic [Ca^*]i profile commonly seen in non- 
excitable celte of mammalian origin (Fig. I). The [CV*]i initialiy increased 6 to 8-f6fd over the 
basal value and subsequently declined with time to a steady elevated phase. Addition of the Ca^* 
influx blockCTS. Gd^* (Fig.l; 1 mM) or La^* (10 iiM; not shown), during the sustained component 
of the response to carbachol rapidly returned [Ca^^- to the basal level suggesting that the 
sustained component is dependent upon Ca^* influx. Thus, although the Sf9 cells have an 
endogenous Ca^* influx pathway that can be activated by stimulation a heterologous membrane 
receptor, this Ca^* itiflux is blocked by low concentrations of lanthanides. Carbachol had no 
effect on uninfected SR> cells or on cells infected with baculovinis containing an unrelated cDNA. 

In contrast to M5 infected cells in which the resting [Ca^-^j was 88 ± 5 nM, basal [Ca2**7j 
was significantly (p<0.001) increased to 293 ± 21 nM in irpl qqWs examined 30 to 36 hrs post- 
infection (tnean ± S.H, of 7 independent infections). Basal [Ca^+Jj in trp! cdls was unchanged at 6 
and 12 hrs post-infection, but increased in a time-dependent fashion from 24 to 48 hrs (Fig. 2). 
Thus, the increase ia basal [Ca^+J,- in the irpl cells occurs over a lime frame appropriate for 
expression of a protein under control of the poiybedrin promoter (14). 

The change in basal [Ca^+Jj might reflect either an inhibition of the Ca^'** pumping 
mechanism(s) of the cell or an increase In Ca2+ influx from the extracellular space, fn order 
to clearly distinguish between these two possibilities we have employed Ba2+ Ba2+ bas beem 
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^g' 1- Eff«t ofctirbadiol on |Ca^-*-|i tn Si9 cetB jnfected wftii rccombiDa»t baculovirus 
containing the M5 maxcartnic receptor. Two traces arc shown superimposed. Carbachol 
(Cch; 100 mM) was added to fura-2-k>adcd Sf9 cells (30-36 hrs post-infection) at the time 
indicated by the arrow in each trace. GdClj ( I mM) was added to one tiace during the sustained 
coniponcjrt of the Cch response (trace b). 

Fig> 2. Effect of post-inrcction time on tipi-Muccd tncreaie in btwii ICa^+Jj, [Ctt2+]j was 
measured in fijra-2-Ioaded SB cells at various times following infwtian with cither M5 (0) or trpi 
(•) containing baculovinis. Representative results of two independent infections. 
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shown to carry current throu£^ ali Icnown Ca^"** channels (1 5), but is a poor substrate for known 
Ca2"*" pumps and transporters (8.16,17). Ba^'*' will however, bind to fura-2 and change 
fluorescence in a fashion analogous to Ca^^ (8). Addition of Ba^*** to M5 cclJs incubated in 
Ca2"^-free buffer had very linle effect on cell fluorescence (Fig. 3A). In contrast, addition of 
Ba^"*" to irpi ccfis produced a dramatic increase in fluorescence ratio indicative of Ba2+ influx. To 
conflnnn that the change in fluorescence following Ba^^ addition resuhed from influx, Gd^"** was 
added before the addition of Ba2+ to trpi cells incubated in Ca^^-free buffer (Fig. 38). Gd^"^ 
produced a concentration-dependent inhibition of Ba^''" influx in trpI cells with an apparent TC50 
of approjdmately 200 fiM. Basal Ba2+ influx was not obseived at 6 or 12 hours post-infection, 
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Ffe 3. Ba2+ inltai io Msaiul/rp/ infected Sf9cens, /'owtr/^; Fluorescence ratio (fbr Ba2^ 
excitation wavelength alternated between 350 and 390 nm (8)) was measured in fiirB-2-loaded Sf9 
cells suspended in Ca2+-(ree MBS (30*36 hrs. post-infection). At the time indicated, OaCl2 (10 
mM) was added to either M5 infected cells (trace a) or np/.infected ceila (trace b), i'oftel B: 
Five tmcea arc superimposed, BaQj (10 mM) was added at the time indicated to trpi infected 
SB cdls in the absence (trace a) or in the presence of 10, 100, 300, or 1000 GdCfj added at 
the arrow in traces b-c» respcctivelv. Panei C: Cells were incubated in C^^-froc MBS, Six 
traces are shown superimposed. Ba^* was added in each trace at the tinie indicated by the arrow. 
Traces a. b, c» d» e, and f show tte response of the cells to added BaCl^ (10 mM) at post-infection 
times of 6, 12, 24. 30, 36, and 48 hrs, respectively, Rcprcsenutive results of two independent 
infections, 

yifr^' Whole ccH current recording in r»p/-infected SIP cells- Traces on the left show current 
records at different potentials obtained from Sf9 cells at 6 and 24 hours post-infection The 
complete I-V is shown on the upper right at the indicated times post-mfection. Each value 
represents the mean ± SD, n«l0 cells. The lower (wo sets of traces were recorded at 24 hrs post- 
infection in the presence of 0.1 and I mM Gd^'*' in the extracelhilar buffer. The complete J-V is 



shown on the lower right. Cell vohage was held at 0 mV and pub 
every 2 sec from -80 to + 120 mV in 20 mV increments. 



( were applied for 300 msec 
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but increased in a time-dependent fashion from 24-48 hours (Fig, 3C) which correlates with the 
change in ba^I [Ca2+]j seen in Fig. 2, These results suggest that expression oftrpCis associated 
with an increased Ca^"*" permeability of the Sf9 cell membrane which is, at least in part, 
responsible for the increased basal [Ca^"^]; observed in these cells. 

To determine if expression of trpi is associated with the appearance of a novel cation 
channel, whole-ccn membrane currents wt:rc recorded in non-infected Sf9 cells (conlroi), and in 
Mr and /^/-infected cells. As seen in fig. 4. step changes in membrane |>otential from -80 to 
+120 mV produced large step changes in membrane current in trpi cells examined at 24 hours 
post-infection compared to 6 hours post-infection time. The current-voltage relationship at 6 
hours was linear with a slope conductance of -0.5 nS and a reversal pot^ial near 0 mV. The 
airrent observed in trpi cells at 6 hours post-infection was not significantly different from control 
or M54nfected cells examined at 36 hours post-infection. However, current increased in irpl cells 
in a timc-<!epcndcm fashion from 12 to 36 hours (Fig. 4) reaching a slope conductance of --50 nS 
at 36 hours. The whole ceU current was unaffected by 100 mM Gd^\ but was rxxfuced to control 
levels 1 mM Gd'\ Thus, the sensitivity of this current to Gd^* and the time course of 
expression are amilar to the results of tlje Ba'* influx experiments. 

The current observed in (rp/ cells reversed near zero mV ^ggcsting tliat the current is 
cation selective since the equilibrium potential for CT is -120 niV under these ionic conditions. 
Furthermore, replacing the cationa in the extracellular solution with K-methyl-D-glucaminc white 
maintaming Cf constant produced a shift in the reversal potemial to -100 mV. as expected for a 
cation channel wi^^ low conductance to NMDG In similar exptTiments. replacement of the bath 
sohition with Ca"**gluconatc (50 mM) produced little change in the reversal potential (n«5) 
indicating that the channel has similar permeability to both Na" and Ca'" These results 
demonstrate that expression of trpt is associated with the appearance of a non-seJective cation 
current that also allows permeation of Ca^* into the ceU. 



There are two possible mechanisms by which expression of the irpi protein can increase 
basal Ca2+ influx and membrane current. First, trpi may activate an endogenous non-sdcctive 
cation channel. Or. second, (rpf may itself form diannels in the plasmalemma consistent with its 
proposed role m Drose^hih phototransduction. It is dear that both non-infected S© cells and 
M5 cells exhibit little whole cefi membrane current and there is no evidence for the pn»ence of 
voltage^gated chajuid in these ceUs consistent with a previous repon (1 8), Furthermore, the (rpl- 
induced membrane current is large in magnitude, appears in a timc^depCTdcnt iashion, aiid shows 
no evidence of saturation out to 36 hours. Thus, it seems unlikely that t,pf is activating some 
endogenous channel pool The results shown in Fig. 1 demonstrate however, that the Sf9 cell 
does possess a Ca^^ influx pathway that can be activated by heterologous receptor stimulation 
The stdking feature of this response is the potency of Gd>^ for inhibition of Ca2+ influx. 
Whereas 1 fxM Gd3+ produced complete block of carbachol-induced Ca2+ influx, this 
concentration had essentially no effect on basal Ba2+ influx observed in trpi cells. Although these 
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results may reflect high expression of irpl protein, the >1000'fold difference in sensitivity to Gd^"^ 
suggests independent pathways. Definitive proof that the trp! protein fonns a channel wtll require 
functional expression and characterization cfirpi mutants. 

In conclusion, the resuhs of the present study are consistent with the hypothesis that irpl 
and perhaps trp proteins, form Ca^ permeable, cation channels. Although of obvious importance 
for understanding the phototransduction pathway in DtosophUa, these results may also provide 
general insight into agonist-induced Ca^"** signaling mechanisms in non-exdtable cells of 
mammalian origin. The molecular mechanisms by which depletion of the lns(l,4,5)P3-sensitive 
internal Ca^"*' store activates a surface membrane Ca2+ channel is curraitly an area of intense 
research. Although mennbrane current associated with Ca-^**" store depletion, designated Ickac» 
has been measured in vascular endothelial cells (19), T lymphocytes (20), and m mast cells (21). 
the single channel events undeHying this response have not been recorded. Noise analysis 
suggests that this current reflects the activity of Ca2+ channels of very low conductance («) pS) 
(22). The protein responsible for this current in mammalian non-excitable cells, and in S© cells, 
may be structurally homologous to frp and/or trpi. It will bo important to begin screening 
mammalian cell and Sf9 cell cDNA libraries for these homologous sequences. 
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PASSIVE AND ACTIVE MEMBRANE PROPERTIES OF MUDPUPPY 

TASTE RECEPTOR CELLS 

By S. C. KINNAMON and S. D. ROPER 

From the Rocky Mountain Taste and Smell Center , University of Colorado Health 
Sciences Center, 4200 East 9th Avenue, Denver, CO 80262, and the Department of 
Anatomy, Colorado State University, Fort Collins, CO 80523, U.S,A. 



SUMMARY 

1. Intracellular recordings were obtained from taste receptor cells and surface 
epithelial cells of isolated mudpuppy lingual epithelium. 

2. Surface epithelial cells had a mean resting potential of —40*2 + 8-9 mV, a mean 
input resistance of 40*3 + 11-3 Mil, and a linear current-voltage (I-V) relationship. 
Taste receptor cells had a mean resting potential of —61*7+ 15 mV, a mean input 
resistance of 380*3 ± 177*2 Mfi, and the /-F relationship showed pronounced outward 
rectification ; the outward rectification persisted in high-K"*" saline, but was abolished 
by tetraethylammonium bromide (TEA). 

3. Surface epithelial cells responded to depolarizing current injection with only 
passive membrane potential changes. Taste receptor cells responded to brief pulses of 
depolarizing current injection with regenerative action potentials characterized by 
an abrupt rising phase, an inflexion on the falling phase, and a prolonged 
after-potential. 

4. The abrupt rising phase of the action potential was blocked by tetrodotoxin 
(TTX), suggesting that voltage-gated Na"*" currents are responsible for the rising 
phase. 

5. Long-duration action potentials were elicited from cells treated with TEA to 
block outward K"*" currents and with TTX to block Na"*" currents, and from cells 
bathed in isotonic CaClg. These results suggest that the active membrane response 
contains a significant Ca^"*" component. 

6. The after-potential was blocked or greatly reduced by the addition of Ca^"*" 
channel blockers to the bathing medium. In contrast, addition of TEA to the bathing 
medium greatly enhanced the after-potential. These data suggest that a significant 
portion of the after-potential is Ca^"*" mediated. 

7. The mean reversal potential for the after-potential ( — 76*8 + 6*0 mV) was 
significantly different from the mean reversal potential for the undershoot of the 
action potential ( — 86±5'6mV). Superfusion with TEA reduced the reversal po- 
tential of the after-potential to —42*3 ±8*2 mV and abolished the undershoot. These 
results suggest that the after-potential results from at least two conductances, one 
which is blocked by TEA and the other which is Ca^"*" dependent and involves ions 
other than, or in addition to K"*". 



602 S. C. KINNAMON AND S, D, ROPER 

8. Our data suggest that taste receptor cells, unlike surface epithelial cells, possess 
voltage-gated Na"*", Ca^"*", and K"*" channels, as well as Ca^"^-mediated channels. The 
role of the Ca*^ channels may be in part to regulate release of transmitter onto nerve 
terminals. The role of the other conductances in taste transduction is unknown. 



INTRODUCTION 

Intracellular recordings from individual sensory receptors have provided important 
information concerning mechanisms of sensory transduction. In many sensory cells 
it has been possible to record generator currents, receptor potentials and membrane 
conductance changes during sensory stimulation. From a number of studies in a 
variety of tissues it is becoming clear that many sensory receptors have voltage-gated 
and Ca^'*' -activated conductances, and can generate action potentials under appro- 
priate conditions (Lewis & Hudspeth, 1983; Corey, Dubinsky & Schwartz, 1984; 
Ohmori, 1984; Fuchs & Mann, 1986). In addition, there is evidence that these 
conductances play roles in sensory transduction. For example, pharmacological 
studies of rod photoreceptor cells have revealed that voltage-sensitive Ca^"*" and K"*" 
channels, as well as Ca*'*'-activated and Cl~ channels may be important in 
modulating the light-evoked receptor potential (Bader, Bertrand & Schwartz, 1982). 
Similar studies of isolated cochlear hair cells suggest that voltage-sensitive Ca^^ 
channels and Ca^^-activated K**" channels are involved in the electrical timing 
mechanism of the hair cell membrane (Lewis & Hudspeth, 1983). 

Much less is known about the ionic mechanisms underlying taste transduction. The 
lack of information concerning taste receptor cells is due in part to the difficulty in 
recording from the small taste cells of most species. Although intracellular recordings 
have been made from taste receptor cells in catfish (Teeter & Kare, 1974), frogs (Sato 
& Beidler, 1975; Akaike, Noma & Sato, 1976; Kashiwayanagi, Miyake & Kurihara, 
1983; Sato, Sugimoto, Okada & Miyamoto, 1984), mudpuppies (West & Bernard, 
1978), rats (Ozeki, 1971 ; Ozeki & Sato, 1972) and mice (Tonosaki & Funakoshi, 1984), 
what has been reported to date is that taste receptor cells generally have low resting 
potentials (less than — 40mV), low input resistances (17-80 MQ), linear current- 
voltage {I-V) relationships and strictly passive membrane properties (however, cf. 
Roper, 1983; Kashiwayanagi et al. 1983). Taste receptor cells respond to a variety 
of chemical stimuli with depolarizing or hyperpolarizing membrane potential 
changes, but the ionic conductances underlying these receptor potentials are 
unknown (Sato, 1980). 

We have re-examined the properties of taste receptor cells, using the large taste 
bud cells of Necturus maculostts. By stabilizing the isolated lingual epithelium in a 
vibration-free chamber and impaling single taste receptor cells under direct visual 
control, we have obtained data which differ significantly from the results of previous 
investigators. We report here that taste receptor cells have high resting potentials, 
high input resistances, non-linear /-F relationships, and most importantly that they 
produce regenerative action potentials when electrically excited. A preliminary 
report of these findings has been published (Roper, 1983). 
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METHODS 

Mudpuppies (Neciurua maculosm) were obtained from commercial suppliers and maintained at 
4-10 °C in fresh water aquaria. They were fed minnows or earthworms bi-weekly. 

Dissecting and recording procedures were those described by Roper (1983). To recapitulate, 
animals were rapidly decapitated and the upper jaw removed to expose the tongue. The lingual 
epithelium was gently freed from the dorsal anterior portion of the tongue by blunt dissection, and 
then stretched flat in a shallow chamber which had a glass bottom. The chamber was attached to 
the stage of a fixed-stage microscope equipped with a 40 x water immersion objective and Nomarski 
diiferential interference contrast optics. When viewed in this manner (400 x ), entire taste buds, 
individual taste cells, and even apical processes of single taste cells could be observed. Taste cells 
were clearly distinguishable from the surrounding epithelial cells by the following criteria : ( 1 ) taste 
cells were long and cylindrical, whereas epithelial cells were cuboidal in shape and (2) taste cells 
were always contained within the confines of the taste bud, which was clearly visible at 400 x . 
Several taste cells have been filled with the dye Lucifer Yellow ; dye-filled cells were always within 
the confines of the taste bud (Yang & Roper, 1986). 

The preparation was perfused with an amphibian physiological saline (APS) solution 
(112 mM-NaCl, 2 mM-KCl, 8 mM-CaCl„ 5 mM-HEPES (Ar-2-hydroxyethylpiperazine-i\^'- 
ethanesulphonic acid) buffered to pH 7*2 with NaOH) unless otherwise indicated. The elevated 
Ca^'*' concentration facilitated stable intracellular impalements. Preparations remained viable for 
several hours under these conditions, and for up to two days if stored at 4 **C. Tetrodotoxin (TTX) 
was obtained from Sigma Chemical Corporation; apamin was obtained from Serva Biochemicals; 
charybdotoxin was a generous gift from Dr Christopher Miller, Brandeis University. All experiments 
were performed at room temperature (approximately 20 'C). 

Micropipettes for intracellular recording had resistances of 50-150 Mt2 (filled with 2*5 M-KCl). 
An agar-APS bridge connected to a AgCl pellet served as a reference electrode. Micro-electrodes 
were manipulated under visual control at 400 x and inserted into taste receptor cells (through the 
taste pore) or into surface epithelial cells. Stable impalements could be maintained for several 
minutes during constant perfusion of the bathing medium (approximately 1 ml/min). 

Current was passed through the micro-electrode after carefully balancing the bridge circuit 
(WPI M4A electrometer with bridge) to obtain I~V relationships and to stimulate taste cells. 
Amplifier leakage currents were frequently checked and nulled to avoid artifacts during membrane 
potential measurements. Resting potentials were measured at the end of the impalement when the 
micro-electrode waa abruptly and cleanly withdrawn from the cell. 



RESULTS 

Taste receptor cells (taste cells) of the mudpuppy are found within taste buds 
located on papillae which are usually spaced 2-3 mm apart on the anterior portion 
of the tongue. Non-gustatory epithelial cells comprise the remaining lingual epi- 
thelium. Since taste cells comprise a renewing neuroepithelial tissue which is derived 
from the surrounding lingual epithelium, it was of interest to compare membrane 
properties of taste cells with membrane properties of non-gustatory epithelial cells. 

Passive membrane properties 

Epithelial cells 

Resting potentials obtained from micro-electrode impalements of surface epithelial 
cells varied from —22 to —60 mV, with a mean value of —40-2 + 8-9 mV (w = 11). 
The I-V relationship of a typical epithelial cell, obtained by passing a series of 
hyperpolarizing and depolarizing current pulses through the recording micro- 
electrode, is shown in Fig. 1^. In all cells examined, the I~V relationship was linear 



604 



S. C. KINNAMON AND S. D. ROPER 



-0-6 "0-4 -0-2 
r 1 1 — 




-23 mV , 
• 02 0-4 nA 



n 1 



-63 



-83 



I 20 mV 

500 ms 



B 



0*20 



0*16 



Current (nA) 
0-12 008 



004 



-55 



-95 % 



-135 g 

S 
n 

S 

-175 



Fig. 1 . Typical /- V relationships of : ^4, a surface epithelial cell and B, a taste cell, obtained 
by passing current through the micro-electrode. Abscissa, current. Ordinate, membrane 
potential. Insets: top traces, membrane potential; bottom traces, current monitor. Note 
that the I~V relationship for the epithelial cell is linear, whereas the /-F relationship for 
the taste cell shows outward rectification. In a few experiments, measurements were made 
with depolarizing currents as well as hyperpolarizing currents. Such cells showed linear 
I-V relationships with depolarizing current pulses until threshold was reached. 




at all membrane potentials. The mean input resistance, calculated from the slopes 
of the individual I-V relationships was 40-3 + 11*3 Mil {n = 9). With an average cell 
radius of 13-7 x 10~* + 7-2 x 10"* cm (n = 15) (measured from enzymatically dis- 
sociated epithelial cells which become spherical after isolation : S. C. Kinnamon, 
T, Cummings & S. D. Roper, in preparation), the specific membrane resistance was 
calculated to be 926 CI cm^. The average membrane time constant was 1*68 ±0-66 ms 
(n = 5) which yields a specific capacitance for the epithelial cell membrane of 
l-8xl0-« F/cm«. 
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Taste cells 

In contrast to epithelial cells, taste cells had high resting potentials : values varied 
from —41 to — UOmV. In one series where resting potentials were carefully 
measured after a brief impalement, we obtained a mean value of —61*7 ±15 0 mV 
(n = 21). We attribute the large variability in resting potentials to unavoidable 
damage accompanying impalement of these long, spindle-shaped cells. The input 
resistances (measured from the linear portion of the I-V relationship) were unex- 
pectedly high, with a mean value of 380-3 ± 177-2 MSI (n =8). From a measured cell 
radius of 12 6 x 10~*± 13 x 10"* cm (taste cells, like epithelial cells, become spherical 
when enzymatically dissociated: S. C, Kinnamon, T. Cummings & S. D. Roper, in 
preparation) and a measured membrane time constant (measured from the linear 
portion of the /-F relationship) of 61-7 ±31-2 ms (n = 8), we calculated a mean specific 
membrane resistance of 7600 Q cm^ and a mean specific membrane capacitance of 
8-3 X 10~® F/cm^ for taste cells. The large value obtained for specific membrane 
capacitance of taste cells could reflect an underestimate of membrane area of 
individual taste cells, such as microvillar membrane or membrane folds that would 
not be detected in the light microscope. Alternatively, it could reflect electrotonic 
coupling between taste cells in situ (West & Bernard, 1978; Yang & Roper, 1986). 

The I-V relationship of taste cells, unlike epithelial cells, showed a pronounced 
non-linearity with increasing hyperpolarization (Fig. IB); in particular, the non- 
linearity appeared when the membrane was hyperpolarized in excess of —60 mV. 
Since rectification can occur simply because of unequal concentrations of permeant 
ions, especially K"*", across the membrane (Jack, Noble & Tsien, 1975), we repeated 
experiments in APS containing 60 mM-KCl (NaCl was replaced with KCl) so that K"*" 
concentrations would be similar across the membrane. Under these conditions, the 
membrane potential depolarized to approximately — 20 m V and the /- V relationship 
became even more non-linear (Fig. 2 A), Superfusion with the K"*" channel blocker 
tetraethylammonium bromide (TEA; 5 mM) increased the input resistance of taste 
cells and caused the I-V relationship to become linear (Fig. 2B), In addition, when 
taste cells were exposed to TEA in normal APS (2 mM-KCl), there was a 20-30 mV 
depolarization of the resting membrane potential and a concomitant increase in input 
resistance. These results indicate that taste receptor cells have a voltage-sensitive, 
non-inactivating resting K"*" conductance that closes with hyperpolarization. 

Active membrane properties 
Surface epithelial cells responded to depolarizing current pulses with only passive 
potential changes. In sharp contrast, taste receptor cells produced regenerative action 
potentials when depolarized with brief current pulses (Fig. 3^; cf. Roper, 1983). 
These impulses had several characteristic features: First, there was a distinct 
threshold for regenerative excitability. This threshold varied with the quality of 
micro-electrode impalement (i.e. the resting potential and the input resistance), but 
was usually 10-30 mV positive to the resting potential. Secondly, the falling phase 
of the impulse often had a noticeable inflexion or plateau, suggestive of a Ca*^ 
component to the underlying currents (Fig. 3-4, arrow). Thirdly, only a single action 
potential was elicited even when the depolarizing current was maintained for several 
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Fig. 2 Effect of elevated external K"*" and of TEA on the I~V relationship in taste cells. 
A, during exposure of taste cell to 60 mM-K"*"; resting potential was —20 mV. Note that 
the non-linearity was enhanced by the elevated K"*". B, during exposure of taste cell to 
60 mM-K^ plus 5 mM-TEA. Note that TEA completely blocked the non-linearity and 
increased the input resistance of the cell. 

seconds (Fig. 35). Finally, most action potentials were followed by a prolonged 
after-potential. A hyperpolarizing after-potential occurred when an impulse was 
elicited at resting potential ( — 60 mV; Fig. ^A) and a depolarizing after-potential 
occurred when an impulse was elicited from a cell hyperpolarized approximately 
40 mV by direct current injection (Fig. 45). Although most cells were capable of 
generating action potentials, there was a large variability in the duration of impulses 
and after-potentials in cells within a taste bud. 

Ionic basis of the rising phase of impulses ' ^ - 

We superfused the preparation with TTX while recording from a single taste cell 
to determine if Na^ currents are involved in impulses of taste cells. Action potentials 
were reversibly blocked in 1 /^m-TTX (Fig. 5); lower doses of TTX were ineffective. 
These data suggest that the rising phase of the impulse in taste cells is produced by 
voltage-gated Na'*" chaimels and that the channels are somewhat less sensitive than 
Na"*" channels in nerve and intact muscle cells to the blocking action of TTX, as are 
Na"** channels of denervated skeletal muscle (Pappone, 1980). 
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Fig. 3. Action potential elicited by depolarizing current injection in taste cells. A, sub- 
and suprathreshold responses to brief pulses of depolarizing current. Upper trace, 
membrane potential (resting potential = — 58mV); bottom trace, current through the 
micro-electrode. The arrow represents an inflexion on the falling phase of the impulse. B, 
response of a taste cell to prolonged current injection : top trace, zero potential ; middle 
trace, intracellular membrane potential; bottom trace, current through the micro- 
electrode. Note that only a single action potential was elicited by prolonged electrical 
stimulation. 



Imdc bdsis of the inflexion and falling phase of impulses 

The inflexion on the falling phase of the impulse in taste cells suggests the presence 
of Ca*"*" currents. To determine if Ca^"*" currents are involved in taste cell action 
potentials, we blocked Na"*" currents with TTX and outward K"*" currents with TEA. 
Fig. 6 A illustrates that taste cells were excitable under these conditions, and that 
impulses had a longer duration and a higher threshold than normal. Furthermore, 
impulses could be evoked even in the absence of Na+; Fig. 65 illustrates an impulse 
elicited in the presence of 85 mM-CaClj. We conclude from these experiments that 
the regenerative membrane response contains a significant Ca*"*" component in 
addition to the aforementioned Na^ current. 

TEA also blocked the undershoot of the action potential (Fig, 6-4). TEA has been 
found to block a variety of voltage- and Ca^^-dependent K"'' conductances in different 
cell types, including the delayed rectifier, Ca*^-mediated conductance, and the 
sarcoplasmic reticulum K**" channel (Latorre & Miller, 1983). Although our data 
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Fig. 4. After-potentials following an impulse in a taste cell. A, at the resting potential 
( — 77 mV) and B, when the cell was hyperpolarized approximately 40 mV by passing 
current through the micro-electrode. The dashed line in B represents the resting potential 
of the cell. Note that the after-potential was hyperpolarizing at the resting potential and 
depolarizing when the cell was hyperpolarized. 




20 ms 



20 mV 
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Fig. 5. Response of a taste cell to depolarizing current injection before (A) and after (B) 
superfusion with 1 ^M-TTX. Note that most of the active membrane response was blocked 
by the TTX. 



indicate that outward K"*" currents are important in repolarizing the membrane 
following an action potential, we do not know which type(s) of K"*" channel(s) is 
involved. It is possible that the voltage-sensitive K"*" conductance which is open at 
the resting potential (Figs. \B and 2A, B) is the main conductance responsible for 
action potential repolarization. 

Ionic basis of the afier-potetUial 

The after-potentials following impulses, an example of which is shown in Fig. 4J5, 
sometimes lasted for several seconds. Since such after-potentials in many neurones 
are produced by Ca2'*"-dependent conductances, and also because action potentials in 
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taste cells have a Ca*"^ component, we examined the Ca*"^ dependence of taste cell 
after-potentials by replacing Ca*^ with either 5 mM-CdClgjS mM-CoCljOrS mM-MnClg, 
which block Ca*"*" channels in other tissues. After-potentials were either completely 
blocked or reduced in amplitude and duration by replacement of Ca*^ with these 



Fig, 6. Ca*"*' action potentials in taste cells. A, action potential recorded from a taste cell 
superfused with 1 /iM-TTX to block Na+ currents and 5 mM-TEA to block outward K+ 
currents; resting potential = —90 mV. B, action potential recorded from a taste cell 
bathed in isotonic (85 mM) CaCl,; resting potential = — 85 mV. 



compounds (Fig. 7). In some experiments the effect of Ca^^ replacement could be 
reversed; however, reversal usually took several minutes and during this time the 
recording often deteriorated. In contrast, TEA greatly enhanced the amplitude and 
duration of the after-potential (Fig. 6-4), presumably by prolonging the duration of 
Ca^"^ influx during an action potential. These data suggest that a significant portion 
of the after-potential is Ca*"*" mediated, either directly by a prolonged increase in Ca^"*" 
conductance or indirectly by Ca^"*^-activated permeability increases to other ions. 

We measured the reversal potential of the after-potential to determine what ions 
are responsible for the after-potential. Fig. 8 illustrates impulses recorded at different 
membrane potential levels which had been established by injecting constant current 
through the micro-electrode. The after-potential reversed polarity at — 76 m V in this 
example, which was similar to the mean value obtained from ten cells ( — 76-8 + 6 m V). 
This value is much more negative than the Ca*"*" equilibrium potential ; therefore, the 
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after-potential is likely produced by a Ca*'*"-mediated conductance rather than a 
prolonged increase in the conductance to Ca*"*", Superfusion with TEA (5 mM) shifted 
the reversal potential of the after-potential from —76 ±6 to —42-3 ±8-2 mV. 
The reversal potential of the after-potential differed significantly from the reversal 




Fig. 7. Action potentials elicited from a taste cell before {A) and after (B) replacing CaCl, 
with 6 mM-CdCla. The cell was hyperpolarized by steady current injection to — 100 mV 
to enhance the depolarizing after-potential. Note that the after-potential was greatly 
reduced, but not completely abolished by CdGg* 



potential for the impulse undershoot (mean = —86*5 + 5*6 mV), which presumably 
reflects the K"*" equilibrium potential. The difference between the reversal potentials 
for the undershoot and the after-potential suggests a portion of the after-potential 
is mediated by ions other than K"*". Ca2"*"-dependent CI" (Mayer, 1985) as well as 
Ca*"'"-dependent non-specific cation conductances (Yellen, 1982; Petersen & 
Maruyama, 1984) have been found in a variety of tissues, and it is possible that these 
ions are involved in taste cell after ^potentials. . 

The effect of TEA on the reversal potential suggests that either a voltage-dependent 
K"** leak (Fig. 2) contributes significantly to the reversal potential of the after- 
potential, or that there is a Ca^"*"-mediated K"*" conductance that is blocked by TEA, 
or that the delayed rectifier K"*" conductance is still active, as is true for hair cells 
(Lewis & Hudspeth, 1983). To determine if taste cells have a Ca*''"-dependent K"*" 
conductance, we examined the effects of toxins which have been shown to block 
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Ca^"*"-dependent K"^ conductances in a variety of other tissues, namely apamin 
(Romey & Lazdunski, 1984) and chary bdotoxin (Miller, Moczydlowski, Latorre & 
Phillips, 1985). Neither apamin (5 mM) nor charybdotoxin (100 nM) had any 
measurable effect on taste cell after-potentials. 




20 mV 
10 nA 



50 ms 



Fig. 8. Reversal potential for the after-potential. Action potentials were elicited at three 
different holding potentials which were established by passing steady current through the 
micro-electrode: top trace, resting potential ( — 60mV); middle trace, holding 
potential = -76 mV; bottom trace, holding potential = - 100 mV. Note that the after- 
potential reversed polarity at —76 mV, 



In summary, the data suggest that the after-potential is produced by at least two 
conductances, one that is blocked by TEA and the other which is Ca^"*" mediated and 
involves ions other than, or in addition to K"^. 

DISCUSSION 

The data presented here show that the membrane properties of taste receptor cells 
differ quite strikingly from surrounding epithelial cells. Most notably, taste cells in 
the mudpuppy are electrically excitable and possess voltage-gated Na"*", Ca^^, and 
K"*" channels, as well as Ca^"'"-mediated channels. Our findings were unexpected, since 
with the exception of one other investigation (Kashiwayanagi et aL 1983), these data 
are unprecedented. We attribute our findings to the improved recording conditions, 
namely a vibration-free environment for intracellular micro-electrode impalement. 
In addition, the large size of mudpuppy taste cells facilitates stable micro-electrode 
impalement. Although we cannot rule out the possibility that taste cells in the 
mudpuppy are fundamentally different from those of other species, we believe this 
is unlikely. Taste cells in the mudpuppy respond to the same basic stimuli as do taste 
cells of other species, with the exception that the mudpuppy lacks a response to sweet 
taste (McPheeters & Roper, 1985). Furthermore, we were able to replicate very closely 
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many of the findings from previous investigations in other species : when there were 
clear signs of cell damage during micro-electrode impalement, we obtained passive 
membrane properties identical to those reported by others and the taste cells were 
unexcitable. Voltage-gated channels similar to those in taste cells have been found 
recently in other non-neuronal cells, including Schwaim cells (Gray & Ritchie, 1985), 
lymphocytes (Yellen, 1984), pancreatic islet of Langerhans cells (Ashcroft, Harrison 
& Ashcroft, 1984), cochlear hair cells (Lewis & Hudspeth, 1983 ; Ohmori, 1984; Fuchs 
& Mann, 1986), and photoreceptor cells (Corey et al, 1984). 

The resting properties of taste cells are unusual, in that the so-called leak (resting) 
conductance appears to be voltage-sensitive. Voltage-dependent K"*" channels that 
can be open at the resting potential include Ca^"*'-dependent K"*" channels (for review, 
Latorre & Miller, 1983) and the K"*" channels which mediate the M-current in 
amphibian sympathetic neurones (Adams, Brown & Constanti, 1982). 

In this report we have emphasized properties of taste cells which were common 
to the majority of taste cells impaled. Nevertheless, there were large deviations from 
the mean values for several of the parameters measured. There are two possibilities 
for the variability in measured values. First, although taste cells in Necturus are large 
compared to taste cells of other species, they are still small relative to many excitable 
cells which have been studied with micro-electrodes. Thus, it is probable that we 
damaged the membrane of some taste cells during micro-electrode impalement. A 
second more intriguing possibility is that the different classes of taste celld have 
different properties (see West & Bernard, 1978). For example, there are at least four 
morphological classes of taste cells which are believed to represent different stages 
in the growth of taste receptor cells (Kinnamon, Taylor, Delay & Roper, 1985; 
Delay, Kinnamon & Roper, 1986). Thus, it is possible that membrane properties of 
taste cells vary with age of the cell, as has been found for muscle cells and several 
types of neurones (for review see Spitzer, 1979). Such a variability in basic membrane 
properties could influence the response of the taste cell to chemosensory stimulation. 

A critical question is: what role do the passive and active membrane properties 
play in chemosensory transduction? In this paper we have not addressed the 
observations that chemosensory stimulation can also produce action potentials in 
taste cells (Kinnamon, McPheeters & Roper, 1985). It is possible that the Ca*"^ influx 
associated with action potentials potentiates transmitter release from taste cells onto 
gustatory terminals (Kashiwayanagi et al. 1983). However, it is unlikely that action 
potentials would be required for transmitter release, since the length constant of the 
taste cell membrane is sufficient to allow subthreshold potentials to spread from the 
apical region to the basal region of the cell with little decrement (S. D. Roper, 
unpublished observation). It is also unlikely that action potentials serve to code 
stimulus intensity under normal conditions, since we rarely see repetitive impulses 
to either a sustained electrical depolarization (Fig. 3£) or a sustained chemical 
stimulation (S. C. Kinnamon & S. D. Roper, in preparation). One possibility is that 
voltage-gated channels are modulated by an electrogenic Na'*' pump. Electrogenic 
Na"*" pumps are commonly found in many transporting epithelia (Petersen, 1980). 
The presence of low concentrations of NaCl might be expected to hyperpolarize the 
basolateral membrane of taste cells by activating an electrogenic Na^ pump. This 
hyperpolarization would in turn affect voltage-sensitive membrane channels and 
influence the receptivity to other substances. 
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An intriguing possibility is that the voltage-gated and Ca^"*'-mediated channels are 
modulated by the taste stimulus and therefore directly cause chemosensory 
transduction. Modulation of ion channels could occur by direct interaction of the taste 
stimulus with ion channels on the apical membrane, or by indirect action on ion 
channels throughout the cell through the release of intracellular second messengers. 
Ionic channels in other systems have been found to be modulated by neurotrans- 
mitters acting through second messengers. For example, serotonin closes K"*" channels 
in sensory neurones of Aplysia (Siegelbaum, Camardo & Kandel, 1982), and nor- 
adrenaline increases the mean open time of cardiac Ca^"*" channels (Reuter, Stevens, 
Tsien & Yellen, 1982). In addition, and of greater relevance to taste transduction, 
K"*" channels of pancreatic cells are closed in response to glucose (Ashcroft et aL 1984), 
and channels derived from sarcoplasmic reticulum of muscle are closed in response 
to protons (Bell, 1985). The precise role of the membrane conductances described in 
this report to taste transduction awaits more detailed investigations of the response 
of taste cells to chemical stimuli. 

We thank Dr Paul Fucha for a critical reading of the manuscript and Dr William Betz for the 
use of his digitizer and computer. This study was supported by N.I.H. grants NS20382, 
PO1NS20486-02, and AG03340 to S.D.R. 
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ABSTRACT: The real-time observation of cell 
movement in acute cerebellar slices reveals that gran- 
ule cells alter their shape concomitantly with changes 
in the mode and rate of migration as they traverse 
different cortical layers. Although the origin of local 
environmental cues responsible for these position-spe- 
cific changes in migratory behavior remains unclear, 
several signaling mechanisms involved in controlling 
granule ceU movement have emerged. The onset of 
one such mechanism is marked by the expression of 
voltage-gated ion channels and neurotransmitter re- 
ceptors In postmitotic cells prior to the initiation of 
their migration. Granule cells start their radial migra- 
tion after the expression of N-type Ca^* channels and 
the iV-methyI-0-aspartate subtype of glutamate recep- 
tors on the plasmalemmal surface. Blockade of the 
channel or receptor activity significantly decreases the 
rate of cell movement, indicating that the acdvatlon 
of these mmbrane constituents provides an essential 
signal for the translocation of granule ceils. Another 
signal that controls the rate of cell migration is embed- 



The migration of postmitotic neurons from their 
sites of origin to their final destinations, where they 
make synaptic connections, is a fundamental cellu- 
lar event essential for building large neuronal as- 
semblies (Rakic, 1990, 1997). Although cellular 
and molecular mechanisms involved in neuronal mi- 
gration have been studied for more than 100 years, 
the role of voltage-gated ion channels and neuro- 
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ded in the combined amplitude and frequency compo- 
nents of Ca*"^ fluctuations in the somata of migrating 
granule cells. Interestingly, each phase <rf Ca* ' fluc- 
tuation controls a separate phase of saltatory move- 
ment in the granule cells: The cells move forward 
during the phase of transient Ca^^ elevation and re- 
main stationary during the troughs. Consequently, the 
changes in the amplitude and frequency components 
of Ca^"^ fluctuations directly affect granule cell move- 
ment: Reducing the amplitude or frequency of Ca^^ 
fluctuations slows down the speed of cell movement, 
while the enhancement of these components acceler- 
ates migration. These findings suggest that signaling 
molecules present in the local cellular milieu encoun- 
tered on the migratory route control the shape and 
motifity of granule cells by modifying Ca^^ fluctua* 
tfons in the soma through the activation of specific ion 
channels and neurotransmitter receptors. © 1998 John 

Wiley & Sons, Inc. J Neurobiol 37: 110-130, 1998 

Keywords: granule cell migration; N-type Ca^^ chan- 
nel; NMDA receptor; intracellular Ca^^ fluctuation; 
rate of cell movement 



transmitter receptors in the translocation of imma- 
ture neurons was not suggested until 1992 (Komuro 
and Rakic, 1992). It had been widely assumed diat 
the activity of ion channels and neurotransmitter 
receptors was associated only with late develop- 
mental stages, after neurons had established their 
synaptic contacts and neurotransmitter receptors 
had become engaged in the usual form of chemical 
signaling (Goodman and Shatz, 1993 However, in 
1992, Komuro and Rakic found that N-type calcium 
channels, which have been predominantly associ- 
ated with neurotransmitter release in adult brain. 
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also play a transient but important role in the di- 
rected hiigrddon of immature neurons, before they 
attain their final position and establish synaptic cir- 
cuits. Hiis finding was followed by evidence that 
the activity of a variety of ion channels and neuro- 
transmitter receptors are important in neuronal mi- 
gration (Komuro and Rakic, 1992, 1993, 1996; 
Rossi and Slater, 1993; Farrant et al., 1994; Patil et 
aL, 1995; Rakic and Komuro, 1995; Liao et al.» 
1996; Behar et al„ 1996; Fueshko et aL, 1998). 

Cerebellar granule cells provide an exceptional 
opportunity to study the cellular and molecular 
mechanisms underlying neuronal cell migration be- 
cause the movement and morphogenedc transfor- 
mation of granule cells have been well described 
(Ramon y Cajal, 1911; Uzman, 1960; Miale and 
Sidman. 1961; Mugnaini and Forstronen, 1967; 
Rakic, 1971; Quesada and Genis-Galvez, 1983; 
O'Donoghue et al, 1987; Ono et aL, 1997). Precur- 
sors of granule cells actively proliferate at the upper 
strata of the external granular layer (EGL) in the 
developing cerebellum. After the final mitotic divi- 
sion, granule cells become transiently located in the 
lower strata of the EGL (Fujita, 1967; Altman, 
1972). Shortly thereafter, they become bipolar and 
extend two horizontal processes before developing 
a third vertical process through which each cell sub- 
sequendy moves its soma across the molecular layer 
(ML). Electron microscopic analysis revealed diat 
migrating granule cells are closely associated with 
Bergmann glial fibers that traverse the developing 
ML. suggesting that their movement may be guided 
by surface-mediated interacdons with the Bergmann 
glial fibers (Rakic, 1971, 1981, 1985a.b), This in- 
terpretation inspired a large number of experiments 
that examined the role of Bergmann glial cells in 
granule cell migradon (Rakic and Sidman, i973a,b; 
Rakic, 1976, 1981; Trenkner and Sidman, 1977; 
Hatten et al., 1984, 1986; Edmondson and Hatten. 
1987; Gregory et ai.. 1988; Hatten and Mason, 
1990; Rakic, 1990). Several cell adhesion mole- 
cules involved in the attachment of granule cells 
to the surface of Bergmann glial processes were 
isolated, and the functional role of these molecules 
in granule cell migration has been examined in an 
in vitro assay system (Antonicek et al., 1987; Ed- 
mondson et al., 1987; Fishell and Hatten, 1991; 
Fishman and Hatten, 1993; Cameron and Rakic, 
1994; Rakic et aL, 1994; Anton et aL, 1996; Cam- 
eron et al., 1997). 

During the past 3 decades, studies of granule cell 
migration have been confined to determining the 
cellular and molecular mechanisms of cell move- 
ment along the glial processes within the ML, while 



little is known about granule cell translocation 
across the Purkinjc cell layer (PCL) and the extent 
of their movement within the internal granular layer 
(IGL). Since granule cells lose contact with the 
surface of Bergmann glial fibers after leaving the 
ML, it remains unclear if the further movement of 
these cells is due to a passive displacement or an 
active process reminiscent of their earlier glial cell- 
associated migration. To address this issue, acute 
brain slice culture systems were developed (Ko- 
muro and Rakic, 1992, 1993, 1995, 1998a,b; Rakic 
and Komuro, 1995). The use of brain slices in con- 
junction with confocal microscopy and fluorescent 
lipophilic carbocyanine dyes allows die direct ob- 
servation of granule cell movement within their nat- 
ural cellular milieu in a real-time manner This ap- 
proach revealed how granule cells migrate through 
the different cortical layers — the ML, the PCL, and 
the IGL — of the developing cerebellum, and deter- 
mined how an identified granule cell attains its final 
destination within the IGL (Komuro and Rakic. 
1995, 1998a). 

Although the role of cell adhesion and extracellu- 
lar molecules in granule cell migration has been 
well established (Edelman, 1984; Pollerberg et al.. 
1987; Gloor et aL, 1990; Liesi, 1992; Anton et aL, 
1996; Cameron et aL, 1997; Lom and Hockberger. 

1997) , other signaling mechanisms involved in its 
movement have emerged during the past several 
years (Komuro and Rakic, 1992, 1993, 1996; Rossi 
and Slater, 1993; Patil et aL, 1995; Rakic and Ko- 
muro, 1995; Liesi and Wright, 1996; Miyata et al.. 
1996; Silverman et aL, 1996; Ackerman et al., 1997; 
Rio et aL, 1997; Soriano et al., 1997; Bix and Clark, 

1998) . Physiological and pharmacological ap- 
proaches revealed that the activity of voltage-gated 
ion channels and neurotransmitter receptors is cru- 
cial for normal granule cell migration (Komuro and 
Rakic, 1992, 1993; Slater and Rossi. 1996), For 
example, die potentiation of the activity of N-type 
Ca^**" channels and/ or the A/-raethyl-D-aspartate 
(NMDA) subtype of glutamate recq)tors increases 
the rate of granule cell movement, while reduction 
of their activity decreases cell movement (Komuro 
and Rakic, 1992, 1993). These findings led to stud- 
ies diat examined the question of whether changes 
in intracellular Ca^* levels may affect cell migra- 
tion, since activation of N-type Ca^^ channels and/ 
or the NMDA receptors could induce substantial 
Ca^"^ influxes into the migrating granule cells. 
Real-time recording of intracellular Ca^^ levels 
([Ca^^D revealed diat migrating granule cells ex- 
hibit spontaneous elevations in [Ca^'^]/ in the cell 
soma (Komuro and Rakic, 1996). Most impor- 
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tantly, the combination of the amplitude and fre* 
quency coitiponents of Ca^^ elevations in the cell 
soma, caused mainly by Ca^* influxes through 
N-type Ca^"^ channels and NMDA receptors, pro- 
vide an intracellular signal controlling the rate of 
granule cell migration (Komuro and Rakic» 1996). 

In this article, we first review recent studies on 
position-specific changes in granule cell shape and 
migrating behavior through different migratory ter- 
rains of the developing cerebellar cortex. We then 
present possible roles for the coordinated activity 
of ion channels, neurotransmitter receptors, and in- 
tracellular Ca^"^ fluctuations in controlling granule 
cell movement. 



PHASES OF GRANULE 
CELL MIGRATION 

To understand the signaling role of intracellular cal- 
cium and its fluctuations controlled by channels and 
receptors, it is essential to first describe the major 
cellular events and phases of granule cell migration 
in the developing cerebellum. 

Bergmann Glia-Guided Granule 
Cell Migration through the ML 

In his studies of Golgi-stained material, Ramon y 
Cajal (1911) described migrating granule cells in 
the ML that have a vertically elongated cell body, a 
thin trailing process, and a more voluminous leading 
process. Use of electron microscopy revealed that 
the granule cell soma, trailing process, and leading 
process are closely apposed to the surface of Berg- 
mann glial fibers, and suggested that the granule 
cell moves along Bergmann glial fibers during die 
entire translocation of its soma across the ML 
(Rakic, 1971 ). The recent development of methods 
for real-time monitoring of granule cell movement 
in living slice preparations revealed several tempo- 
ral and cytological aspects of the dynamic move- 
ment of granule cells that had not been observed 
using either in vivo or in vitro systems (Komuro and 
Rakic, 1995). For example, comparing the speed 
of cell movement in slices from different postnatal 
cerebella demonstrated that rates of granule cell 
movement in the ML depend critically on the age 
of the cerebellum. Although diere was considerable 
variation in the speed of individual cells, the average 
rate of granule cell migration in the ML increased 
systematically from 9.6 ^m/h in cerebella from 7- 
day-old mice to 18.0 /zm/h in cerebella from 13- 
day-old mice (Komuro and Rakic, 1995). Conse- 



quently, granule ceils traversed the developing ML 
within a relatively constant time period despite the 
doubling in width of the ML during the second 
week of postnatal life. Furthermore, granule cell 
movement in the ML was characterized by alterna- 
tions of short stationary phases with movement in a 
forward or backward direction (Komuro and Rakic, 
1995). Tlie net displacement of a cell depended on 
the duration and frequency of diese phases as well 
as on the speed of movement. Moreover, studies of 
the topographical flow of the plasma membrane of 
granule cells indicated that new membrane material 
is incorporated primarily at the leading process, 
while a large portion of the existing plasma mem- 
brane moves in register with the nucleus and sur- 
rounding cytoplasm during migration ( Komuro and 
Rakic, 1995), 

Changes in Cell Shape and Migratory 
Behavior In the PCL 

A major problem in understanding granule cell mi- 
gration is the question of whether they complete 
their movement after losing contact with Bergmann 
glial cells in the PCL. Recently, real-time monitor- 
ing of the behavior of identified granule cells re- 
vealed dynamic changes in the shape and movement 
of their leading processes after they detach from 
the surface of Bergmann glia ( Komuro and Rakic, 
1998a). At the bottom of the ML, the elongated 
bipolar soma of granule cells moved toward the 
PCL, while the length of their leading process grad- 
ually decreased. The shortening of the leading pro- 
cess is due to the advance of the granule cell soma 
within the leading process rather than to its active 
retraction. Furthermore, the distal portion of the 
leading process positioned in the PCL began to ex- 
tend large motile lamellipodia and filopodia. This is 
not characteristic of the leading process of migrating 
granule cells in the ML, which is invariably associ- 
ated with Bergmann glial fibers and usually tapers 
without motile lamellipodia (Rakic, 1985). 

Once the granule cell soma entered the PCL, its 
shape abmptly transformed from a vertically elon- 
gated spindle to a sphere (Komuro and Rakic, 
1988a) (Fig. 1), These rounded somata signifi- 
cantly slowed dieir movement, which stopped com- 
pletely in the PCL. The rounded somata remained 
stationary in the PCL for an average of 115 min, 
with times ranging from 30 to 220 min (Komuro 
and Rakic, 1998a). However, highly motile lamelli- 
podia developed at the distal portion of the leading 
process, which penetrates the IGL, although the 
leading process did not exhibit a net extension in 
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Figure 1 Time-lapse series showing an example of 
changes in granule cell shape and speed of movement in 
the PCL. Migrating granule cells in a slice preparation 
obtained from postnatal 10-day-old mouse cerebellum 
were labeled fiuorescently with a lipophilic carbocyanine 
dye, Dil, and their movement was tracked using a laser 
scanning confocal microscope. After a granule eel! soma 
(asterisks) crossed the ML- PCL border, it transformed 
from a vertically elongated spindle to spherical shape 
(white star). The granule cell slowed down significantly 
and then stopped completely in the PCL, One can argue 
that the rounding up of the soma and slowing of move- 
ment could be due to physiological deterioration after a 
prolonged period of observation. However, we consider 
this unlikely, since the cells appeared healthy, and 1 .5 h 
after the soma became round, they resumed a spindle 
shape as they entered the deep strata of the PCL at 180/ 
nfiin. A wide arrow indicates a motile lameltipodia at the 
tip of the leading process, while small arrows indicate 
the trailing process of the migrating granule cell The 
time interval (in minutes) is indicated on top of each 
photograph. Bar = 10 ^m. 



length. The tips of the leading processes exhibited 
alternative changes that ranged in form from tapered 
to broad, suggesting that the tips of leading pro- 
cesses actively search for potential guidance cuCvS. 

The loss of attachment to Bergmann glial sur- 
faces in the PCL may directly lead to the observed 
dynamic changes in the shape and behavior of gran- 
ule cells. Previous in vitro studies demonstrate that 
both the cytology and migratory behavior of granule 
cells are highly responsive to the adjacent substrates 
(Fishell and Hatten. 1991;. Fishman and Hatten, 
1993; Rivas and Hatten, 1995). For example, disso- 



ciated granule cells display an elongated bipolar 
migrating shape when, they are plated onto astroglial 
plasma membranes, laminin, or fibronectin, while 
cells are rounded when plated on collagen (Fishell 
and Hatten, 1991), 

Resumption of Radial Migration 
in the IGL 

The question of how stationary granule cells in the 
PCL could attain their final position in the TGL was 
recently addressed using slice preparations (Ko- 
muro and Rakic, 1998a). We found that after a 
prolonged stationary period, granule cells in the 
PCL begin to reextend their somata and leading 
processes (Fig. 2). Furthermore, during this trans- 
formation, granule cells gradually accelerated the 
rate of their migration and crossed the PCL- IGL 
border (Komuro and Rakic, 1998a). Thus, granule 
cells do not complete their migration in the PCL as 
commonly assumed, but, rather, initiate a new phase 
of migration within the IGL, independent of Berg- 
mann glial fibers. 

Monitoring their migratory behavior revealed 
that the spindle-shaped granule cells migrate toward 
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Figure 2 Time-lapse series showing the secondary 
transfomiation of a rounded granule cell at the PCL- IGL 
border. During the observation period, a rounded granule 
cell ( white stars ) began to reextend its soma and leading 
process. It gradually accelerated the rate of its migration 
and crossed the PCL- IGL border. Arrows indicate a 
broad lip at the leading process. The time interval (in 
minutes) is indicated on top of each photograph. Bar 
- 10 fiSti, 



114 Komuro and Rakic 







80 110 150 

Figure 3 Time-lapse series showing an example of the 
completion of granule cell migration in the deep strata 
of the IGL. During the observation period^ the spindle- 



the bottom of the IGL at a rate comparable to that 
recorded tor granule cells . migrating along Berg- 
mann glial fibers within the ML (Komuro and 
Rakic» 1995, 1998a). The long axis of the granule 
cell soma remained oriented perpendicular to the 
PCL-IGL boundary line during this radial migra- 
tion. These observations reveal that granule cells 
migrate rapidly, radially, and unidirectionaliy to- 
ward the deep strata of the IGL in the absence of 
guidance cues provided by Bergmann glial cells 
(Komuro and Rakic, 1998a). Although the cellular 
and signaling mechanisms involved in granule cell 
movement in the IGL remain to be elucidated, there 
are several candidate molecules that may be respon- 
sible for the resumption of dieir movement. These 
candidates include a variety of extracellular matrix 
molecules diat are expressed in distinct distributions 
in the PCL and the IGL (Choung et al., 1987; 
Choung, 1990; Liesi, 1992; Fishman arid Hatten, 
1993). Alternatively. later-generated granule cells 
could ffiigrate along the ascending axons of earlier- 
generated granule cells that are already present in 
the IGL. In vivo as well as in microexplant cultures, 
granule cells move along the neurites of more differ- 
entiated granule cells (Rakic, 1971; Nagata and 
Nakatsuji, 1990; Komuro and Rakic» 1996). There- 
fore, the vertically oriented axons of postmigratory 
granule cells might also support the inward migra- 
tion of later-generated granule cells as they transit 
the PCL and the IGL. However, since Bergmann 
glial cells extend short vertical processes into the 
upper strata of the IGL during the period of granule 
cell migration (shown in Fig. 6 in Rakic, 1971; 
Muller et al., 1994), we can not exclude the possi- 
bility that glial cells continue to play a role in gran- 
ule cell migration, particularly within the upper 
strata of the IGL, After granule cell migration is 



shaped soma (asterisks), initially located in the middle 
of the IGL, migrated vertically toward the IGL-WM 
border at a rate of 14.7 /xm/h. After 70 min of recording, 
the active tip of its leading process approached the IGL- 
WM border and the cell soma became rounded (white 
stars). The granule cell gradually slowed its migration 
and stopped near the IGL-WM border. Although the 
soma of the granule cell ceased movement in the deep 
strata of the IGL, its leading process exhibited dynamic 
changes in shape. White arrows indicate the tip of the 
leading process. An open arrow indicates a horizontally 
extended tip of the leading process, while small arrows 
indicate the trailing process of the migrating granule cell. 
The time interval (in minutes) is indicated on the top or 
bottom of each photograph. Bar - 10 >im. 



completed, Berginann glial cells withdraw these 
short vertical processes (Rakic» 1971; Muller et al., 
1994), suggesting that granule cells that settle in 
the upper strata of the IGL may migrate along them 
in a similar way as in the ML. 

Completion of Migration at the Bottom 
of the IGL 

Real-time observation of cell behavior revealed the 
final stage of granule cell migration at the bottom 
of the IGL (Komuro and Rakic, 1998a). Once the 
tip of a leading process approaches the TGL-white 
matter (WM) border, the granule cell soma be- 
comes rounded (Fig. 3 ) . llie granule cells then slow 
their migration and stop their movement near the 
IGL-WM border (Fig. 3). In the postnatal lO-day- 
old mouse cerebellum, a majority of granule cells 
complete their migration at the bottom stratum of 
the IGL, while <20% of the granule cells settle in 
the middle or top strata (Komuro and Rakic, 
1998a). The average distance between the PCL- 
IGL border and the final position of granule cells 
in the IGL of the postnatal 10-day-oId mouse cere- • 
bellum was approximately 1 13 /xm. Therefore, after 
entering the IGL, most granule cells nugrate radially 
more than 100 ^m (a distance comparable to that 
observed in the ML) toward the IGL-WM border, 
suggesting that, as in the cerebral cortex (Rakic, 
1972, 1997), late-generated granule cells pass 
through the strata of early-generated granule cells 
(Komuro and Rakic, 1998a). This observation sug- 
gests that granule cells may stop their movement in 
response to putative cues residing in die deep strata 
of the IGL; but at present, it is unknown which cells 
or candidate molecules are involved in this process. 
The molecular mechanisnis and signals for stopping 
cell movement are not known. 

Length and Duration of Granule Cell 
Transit across the Cortical Layers 

Aldiough there are large differences in the total mi- 
grating distance of granule cells between different 
species and between different ages in a given spe- 
cies, granule cells in the postnatal 10-day-old mouse 
cerebellum migrate radially about 250 //m to attain 
their final position in the IGL (Komuro and Rakic, 
1998a). Of this distance, granule cells move an av- 
erage of 1 10 ^m to cross the ML, about 27 fitn to 
traverse the PCL, and an additional 113 //m in the 
IGL toward the IGL-WM border. We found diat 
the average rate of granule cell movement in the 
postnatal lO-day-old mouse cerebellum was 1L2 
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Figure 4 The morphogenetic transformation of granule 
cells as they migrate across the various cellular compart- 
ments of the developing cerebellar cortex. BG ~ Berg- 
mann glial cell; G = postmigraiory granule cell; PC 
== Purkinje cell. (From Komuro and Rakic, / Neurosci. 
18:1478-1490, © 1998 Society for Neuroscience» re- 
printed with permission.) 



)im/h in the ML, 5.2 //m/h in the PCL, and 10.2 
//m/h in die IGL. Therefore, the average transit time 
of granule cells was 9.8 h in the ML, 5.2 h in the 
PCL, and 11,1 h to attain their final position in the 
IGL. These results suggest diat in die postnatal 10- 
day-old mouse, cerebellar granule cells move from 
the premigratory zone of the EGL through the ML 
and the PCL to their final position in the bottom of 
the IGL within about 1 day (average 26 h) after 
the initiation of their radial migration (Komuro and 
Rakic, 1998a), 

It may be important to emphasize that we found 
a direct and consistent relationship between granule 
cell shape (expressed as the ratio between die width 
and length of cell soma), the length of the leading 
process, and the rate of cell movement (Komuro 
and Rakic, 1998a). Changes in local environmental 
cues, including various cell adhesion and extracellu- 
lar matrix molecules combined with signaling from 
different cellular compartments in the migrating 
pathway, may induce granule cells to alter their 
shape and the rate of their movement (Rakic, et al., 
1994) (Fig. 4). However, intrinsic signals might 
also participate in the dynamic changes in cell shape 
and migratory behavior seen in different domains 
of the cerebellar cortex. U has been shown that mi- 
grating granule cells express specific genes at given 
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points along their pathway and that some of these 
genes encode receptors that are activated by cell 
adhesion molecules (Kuhar et al., 1993; Rocamora 
et al„ 1993; Friedman and Seeds, 1995; Hatten and 
Heintz, 1995; Zheng et aL, 1996; Hatten et al, 
1997). Although the role of these genes in the de- 
veloping cerebellum has not been determined* it has 
been shown that mutated cell adhesion molecule- 
related kinase genes can transform fibroblasts from 
a typical polar migratory shape to a more rounded 
one and dramatically reduce their mobility com- 
pared with wildtype (Ilic et al, J995), Furthermore, 
laminar and cytoarchiiectonic abnormalities of cere* 
bral and cerebellar cortices may be caused by the 
mutation of specific genes diat are involved in the 
completion of migration (Howell et al., 1997; Shel- 
don et al., 1997; Ware et al, 1997). Therefore, 
changes in gene expression during the translocation 
of granule cells from die EGL to the IGL may func- 
tion to modulate changes in their shape and behav- 
ior» as well as in their allocation to the ^nvH position. 
The use of slice preparations in conjunction with 
confocal microscopy allows the examination of the 
role of various genes, adhesive molecules, ion chan- 
nels, and receptors in cell migration through the 
heterogeneous terrain of the developing mammalian 
brain. 



ACTIVITY OF N-TYPE CALCIUM 
CHANNELS AND GRANULE 
CELL MIGRATION 

It is well established that immature neurons in the 
developing central and peripheral nervous system 
express voltage-gated ion channels before reaching 
their finoX destinations (LoTurco et al., 1991; 
Spitzer, 1994; Navarro et aL, 1996). Activity of ion 
channels also modulates growth cone motility and 
the rate of neurite extension (Lankford and Letour- 
neau, 1989; Kater and Mills. 1991; Spitzer, 1994; 
Gu and Spitzer. 1995). However, the role of these 
channels in neuronal migration is less well known. 
Recently, the combined use of acute slice prepara- 
tions and pharmacological tools revealed the role 
of voltage-gated Ca^^ channels, the especially 
N-type Ca^^ channel, in granule cell migration (Ko- 
muro and Rakic. 1992), Blockade of N-type Ca^^ 
channel activity by a specific antagonist, u?-cono- 
toxin GVIA, curtailed granule cell migration in the 
ML (Komuro and Rakic, 1992). This effect was 
dose dependent in the range of 30-3000 nM The 
smallest statistically significant decrease in the rate 
of granule cell movement (p < .05) was detected 



at a concentration of 30 nM a;-conotoxin GVIA 
(24^), and the decrease in die rate of movement 
became gradually more pronounced (/? < ,01) as 
the concentration of to>xin increased: al 300 nAf 
(50%), at 1(KX) nA/ (65%). and at 3000 nM 
(>78%). However, blocking other types of volt- 
age-gated Ca^ ^ channels, such as L- or T-type Ca^'^ 
channels, by adding nifedipine or Ni^^ , respec- 
tively, had no significant effect. Likewise, the block- 
ade of the voltage-sensitive Na channels by tetro- 
dotoxin and K"" channels by tetraethylammonium 
chloride or 4-aminopyridine failed to alter substan- 
tially the rate of granule cell migration. These re- 
sults demonstrate that the activity of N-type Ca^"^ 
channels plays a critical role in controlling the rate 
of granule cell movement in die ML (Komuro and 
Rakic, 1992). 

When do immature granule cells begin to express 
N-type Ca^*" channels on their plasmaiemmal sur- 
face? Although electrophysiological analysis has 
shown that differentiated granule cells express func- 
tional N-type Ca^^ channels on their plasmaiemmal 
surface (Randall and Tsien, 1995; Blair and Mar- 
shall, 1997). the time of onset of N-type Ca^"" chan- 
nel expression in immature granule cells has not 
been examined. To determine the time of onset of 
expression and distribution of N-type Ca^^ channels 
on the plasmaiemmal surface, brain slices from 
postnatal 10-day-oId mouse cerebella were labeled 
with tetramethylrhodamine-conjugated t^-conotoxin 
(Komuro and Rakic, 1992). The outer and inner 
hal ves of the EGL were distinctly marked by a sharp 
difference in labeling. The outer half of the EGL, 
which contains mainly proliferating cells, was de- 
void of fluorescence. However, die inner half, which 
Is composed mainly of postmitotic cells in their 
premigratory phase, was fluorescent. The intensity 
of fluorescence increased as the granule cells passed 
through the ML and attained its maximum level 
when the cells migrated into the IGL. These results 
demonstrated that postmitotic granule cells at the 
bottom of the EGL start to express N-type Ca^"^ 
channels prior to the initiation of their radial migra- 
tion towards the ML. Furthermore, the number of 
N-type Ca*^ channels on the plasmaiemmal surface 
of granule cells rapidly increases during the translo- 
cation of the cell soma from the EGL to the IGL. 

How does the activity of the N-type Ca^^ chan- 
nels control the rate of granule cell movement? One 
possible scenario is that the activation of N-type 
Ca^^ channels induces substantial Ca^^ influxes 
through the plasma membrane, thereby regulating 
the rate of granule cell migration. This hypothesis 
is supported by the following evidence. Lowering 



Neuronal Cell Migration J 17 



extracellular Ca^'' concentrations (0, 1 - 1 .0 mM) re- 
sulted in a graded significant decrease in the rate of 
granule cell migration in the ML {Komuro and 
Rakic, 1992), In contrast, increasing extracellular 
Ca^** concentrations to 5.0 mM slightly enhanced 
the rate of migration. These results indicate that the 
rate of granule cell migration in the ML is highly 
sensitive to changes in the extracellular Ca^^ con- 
centration, suggesting that blocking the N-type Ca^ ^ 
channel activity may affect the migration by reduc- 
ing Ca^^ entry into the cell. 

These findings indicate that the activity of N-type 
Ca^^ channels is crucial to granule ceil migration. 
In contrast, the activity of Na'^, K'^, and L- and 
T-type Ca^"*" chamiels seems to be far less or not 
significant for migration. This result was unex- 
pected, because the N-type Ca^^ channels have been 
mainly implicated in the release of neurotransmit- 
ters (reviewed in Hess, 1990), while growth cone 
movement and neurite extension appear to be regu- 
lated, for the most part, by the activity of L-type 
Ca^"" channels (Robson and Burgoyne, 1989; Silver 
et al., 1990). It should, however, be kept in mind 
that N-type Ca^^ channels are a highly heteroge- 
neous group of molecules (Westenbroek et ah. 
1992). Furthermore, the ratio of N-type to L-type 
Ca^* chatmels varies between in vitro and in vivo 
situations, between cell classes, and, most im- 
portandy, between immature and adult neurons 
(Wagner et aL, 1988; Martin-Moutot et al., 1990; 
Vigers and Pfenninger, 1991; Rossi et al., 1994). 
Use of [ ] u;-conotoxin GVIA to study die distribu- 
tion of N-type calcium channels in the developing 
brain showed their transient expression in several 
regions where they may be involved in early devel- 
opmental events (Fillaux et al., 1994). It is therefore 
likely that during their migration phase, immature 
granule cells express different subtypes and ratios 
of N-type of Ca^"^ channels than they do after their 
arrival in the IGL. 



ACTIVITY OF THE NMDA RECEPTOR 
AND THE RATE OF GRANULE 
CELL MOVEMENT 

The discovery that Ca^"^ influxes through N-type 
Ca^^ channels are involved in cell migration led to 
the question of whether neurotransmitter receptors 
also play a role in granule cell movement, since 
activadon of NMDA, non-NMDA, GABAa, and 
GABAb receptors of immature granule cells can 
alter Ca^"^ influx into their soma (Connor et al., 
1 987; Zhu and Chuang. 1987; Burgoyne et al., 1988; 



Howe et al., 1991; Laurie et al., 1992). Indeed, 
several lines of evidence have demonstrated that 
spontaneous activation of the NMDA subtype of 
glutamate receptors modulates the rate of granule 
cell migradon (Komuro and Rakic, 1993; Rossi and 
Slater, 1993; FarrantetaL, 1994; Rakic et al., 1994; 
Rakic and Komuro, 1995; Slater and Rossi, 1996). 
First, blocking NMDA receptor activity with its an- 
tagonists, D-2-amino-5-phosphonopentanoic acid 
(D-AP5) or ( + )-5-mediyl-10,lI-dihydro-5H-di- 
benzo[a,d]-cyclohepten-5,10-imine hydrogen ma- 
leate (MK-801 ), significantly decreases the rate of 
granule cell movement (Komuro and Rakic, 1993). 
The effect of D-AP5 and MK-801 is dose depen- 
dent. For example, the addidon of 1-10 of 
D-AP5 to die medium does not significandy affect 
the rate of granule cell movement. However. 50 fxM 
D-AP5 reduces die rate to 48%, and 100 fiM 
D-AP5 to 38% of normal cell movement. In con- 
trast, the rate of cell migration is not substantially 
altered by blocking the activity of non-NMDA re- 
ceptors (i.e., kainate and AMPA receptors) widi 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) , 
GABAa receptors with bicuculline, and GABA^ re- 
ceptors with phaclofen (Komuro and Rakic, 1993). 

The role of die NMDA receptor in granule cell 
migration was further supported by evidence that 
changes in Mg' " or glycine concentration affect the 
rate of cell movement (Komuro and Rakic, 1993). 
Because extracellular Mg^"^ blocks NMDA receptor 
activity in a voltage-dependent manner (Nowak et 
aL, 1984) and application of glycine potentates the 
NMDA receptor activity (Johnson and Ascher, 
1987), it is expected that they both would influence 
cell migration. Indeed, the removal of Mg^^ from 
the medium significandy increases die rate of gran- 
ule cell movement in the ML (Komuro and Rakic, 
1993). In contrast, die rate of cell movement was 
reduced in a high-Mg^^ medium. Likewise, the ap- 
plication of 10 fiM glycine significandy increases 
the rate of cell movement in the ML. These results 
demonstrate that granule cell mobility is highly sen- 
sitive to small fluctuations in extracellular Mg^^ 
and glycine levels, suggesting diat the activity of 
NMDA receptors modulates die rate of granule cell 
movement (Komuro and Rakic, 1993). 

The presence of spontaneously active NMDA re- 
ceptors on the surface of migrating granule cells in 
cerebellar slices has been confirmed by patch-clamp 
analysis (Rossi and Slater, 1993). Interestingly, die 
frequency of the spontaneous NMDA receptor-cou- 
pled channel activity was low in the premigratory 
zone of the EGL, with large increases recorded in 
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migrating neurons of the ML. Furthermore, single- 
channel recordings revealed developmentally re- 
lated changes in the biophysical properties of the 
NMDA receptors during the course of granule cell 
differentiation, suggesting that migrating granule 
cells express one or more specific receptor subunits 
that are distinct from those comprising the receptors 
present in mature granule cells (Farrant et aL, 
1994). In particular, it seems that migrating granule 
cells coexpress the NRl and NR2A or NR2B sub- 
units, whereas postmigratory cells in the IGL ex- 
press the NRl and NR2C types (Farrant et al,» 1994; 
iMonyer et al., 1994). This progressive alteration in 
subunit composition could account for a change in 
NMDA receptor function during development (Far- 
rant et al., 1994; Moyner et al., 1994; Sheng et aL, 
1994; Feldmeyer and Cull-Candy, 1996). More- 
over, there is evidence that the sensitivity of the 
NMDA receptors on granule cells in the EGL to 
glutamate increases in the course of cerebellar de- 
velopment (Rossi and Slater, 1993). This increase 
can at least partly account for the acceleration of 
neuronal cell migration during the late stages of 
cerebellar development ( Komuro and Rakic, 1 995 ) . 

The question of how NMDA receptors expressed 
by migrating granule cells could be activated is in- 
triguing, because migrating granule cells do not 
form synapses before the completion of their trans- 
location in the IGL (Rakic and Sidman, 1973a). 
One possibility is that endogenous extracellular glu- 
tamate may activate the immature form of the 
NMDA receptor by nonsynaptic means. Interest- 
ingly, the elevation of extracellular glutamate con- 
centrations by inhibiting glutamate uptake by astro- 
cytes increased the frequency of spontaneous 
NMDA receptor-coupled channel activity (Rossi 
and Slater, 1993) and significantly accelerated the 
rate of granule cell movement in the ML (Komuro 
and Rakic, 1993). These results suggest that endog- 
enous glutamate may be an important signal for the 
activation of NMDA receptors and that the increase 
of extracellular glutamate could enhance the rate of 
cell migration until the concentration reaches a toxic 
level (Marret et aL, 1996). 

Although the source of extracellular glutamate 
in the ML has not been established, several possible 
sources alone or in combination could be sufficient 
to activate NMDA receptors in migrating neurons. 
First, astrocytes are known to influence directly 
neighboring neurons by releasing neuroactive sub- 
stances (Parpura et aL, 1994). For example, gluta- 
mate released from cultured astrocytes in response 
to local signals causes an NMDA receptor- medi- 
ated increase in intracellular calcium levels in 
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Figure 5 Granule cell migration in cerebellar microex- 
plant cultures. (A) Typical migrating granule cells from 
a microexplant culture of postnatal 2-day-oId mouse cere- 
bella. Migrating neurons (asterisks) in this assay display 
characteristic leading and trailing processes. (B) A mi- 
grating granule cell loaded with the cell-permeant, acet- . 
oxymethyl ester form of I ijM Ruo-3 shows changes in 
fluorescence intensity over the time indicated in minutes 
at the top of each photograph. Bars - 10 //m, 

neighboring neurons (Parpura et aL, 1994; Pon and 
Robinson, 1994). Therefore, it is possible thatBerg- 
mann glial cells, which belong to the astrocyte cell 
class, release glutamate in response to local signals 
and influence the rate of granule cell movement 
by regulating the activity of NMDA receptors. The 
iptimate association and large mutually shared sur- 
face area that exists between Bergmann glial fibers 
and adjacent migrating neurons could considerably 
facilitate this process. However, parallel fibers be- 
longing to granule cells that have attained their final 
positions below the PCL are the most obvious 
source of extracellular glutamate in the ML (Levi 
et al., 1991). Although parallel fibers eventually 
form synapses with Purkinje cell dendrites in this 
territory, migrating cells do not (Rakic and Sidman, 
1973a) . Therefore, any glutamate released by paral- 
lel fibers must activate the NMDA receptor of mi- 
grating granule cells in a paracrine manner. Sponta- 
neous, nonsynaptic activation of the NMDA recep- 
tor by extracellular glutamate has been observed in 
immature cortical neurons before they form syn- 
apses (Blanton and Kriegstein, 1992). Furthermore, 
the possibility that NMDA receptors mediate para- 
crine signals during the migration of postmitotic 
neurons has received support from other studies. For 
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Figure 6 Spontaneous intracellular Ca^"" elevations in migrating granule cells. (A) Pseu- 
docolor frame image of [Ca^* ]/ in a migrating cell loaded with 1 ptM FIuo-3, The yellow line 
indicates the equator of the cell soma (B) Pseudocolor line scan image of (Ca^ *^ |; obtained 
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example, the NMDA antagonist MK-801 applied to 
the developing rodent cerebrum in vivo produces 
a migration defect in the hippocampal formation 
(Gould et al,, 1994), suggesting that ceil motility 
in diverse regions of the mammalian brain may use 
a similar mechanism. 

Since activation of N-type Ca^^ channels and 
NMDA receptors induces substantial Ca*"^ influxes 
into migrating granule cells (Rakic and Komuro, 
1995; Slater and Rossi, 1996), it is expected that 
elevations in [Ca""*"]^ would affect granule cell mi- 
gration. Hierefore, die logical next step is to exam- 
ine die intracellular Ca^^ dynamics of granule cells 
during their migration. 



CORRELATION OF CELL MOVEMENT 
AND INTRACELLULAR CALCIUM 
FLUCTUATIONS 

Monitoring [Ca'^ ], using Ca^"^ indicator dyes dem- 
onstrated fluctuations in [Ca^"^], in migrating gran- 
ule cells (Fig. 5). For example, continuous single- 
line scanning across the equator of a migrating cell 
soma loaded with Ca^* indicator dye, Fluo-3, re- 
vealed a spontaneous elevation of fCa^"^], with 
slopes rising and falling synmietrically [Fig. 6(A- 
C)], The average amphtude of [Ca^^], elevations 
was 14% of the baseline intensity, and the average 
duration was 1.3 rain (Komuro and Rakic, 1996). 
In addition, whole-cell frame images of [Ca^" ], also 
showed that [Ca^^'L elevations in die cell soma 
were frequent and irregular during movement of 
the cell body [Fig. 6(D)]. Transient elevations of 
[Ca^^], in migrating granule cells occurred 4-24 
times /h, widi average frequencies of 13/hr. Al- 
though these results suggest that migrating cells ex- 
hibit spontaneous and transient elevations of 
[Ca^^Ji , there is a possible alternative explanation 
for changes in Fluo-3 intensity. For example, tran- 
sient increases in Fluo-3 intensity may be related to 



small changes in the thickness of migrating cells, 
However, a series of ratiometric measurements of 
[Ca"^]^ excluded this possibility (Komuro and 
Rakic, 1996). Migrating granule cells were loaded 
widi a mixture of two Ca^^ indicator dyes, Fluo-3 
and Fura-Red. When excited at 514 nm upon Ca^^ 
binding, Fluo-3 exhibits an increase in the fluores- 
cence intensity at 540 nm, while Fura-Red shows a 
decrease in the fluorescence intensity at 600 nm 
(Lipp and Niggli, 1993a,b; Schild et al., 1994; Floto 
et al., 1995). Therefore, the ratio of Fluo-3 to Fura- 
Red intensity accurately reflects changes in [Ca^* ]^ . 
In contrast, uniform changes in the fluorescence in- 
tensity of both dyes would implicate artificial sig- 
nals, including a change in cell thickness. Simulta- 
neous dual-emission images revealed that Fluo-3 
and Fura-Red were colocalized within the soma of 
the migrating cell. Most importantly, the periodicity 
and time course as well as the shape of [Ca^"']^ 
fluctuations obtained with the Fluo-3 /Fura-Red ra- 
tio were identical to those obtained with the Fluo- 
3 alone [Fig. 7(A,B)], These results confirmed that 
granule cells exhibit dynamic changes in [Ca^^], 
during movement of the cell body. 

Do the spontaneous fluctuations of [Ca^'^], play 
a role in granule cell migration? If so, how are 
changes in [Ca"'^], involved in the saltatory move- 
ment of granule cells? Simultaneous measurements 
of [Ca^^]^ and cell movement revealed a temporal 
relationship between the direction and distance tra- 
versed by the cell body and die time course of intra- 
cellular Ca^**^ changes (Komuro and Rakic, 1996), 
During a recording period of 45 min, a migrating 
cell typically exhibited eight cycles of saltatory 
movement and a corresponding number of transient 
[Ca^^], elevations (Fig. 8). Interestingly, each 
phase of the saltatory movement of the migrating 
cell correlated temporally with each phase of spon- 
taneous Ca^^ fluctuations. For example, die cell ex- 
hibited forward movement during the phase of tran- 
sient elevations of [Ca^^ I . In particular, at die peak 



by scanning the beam at the relative position indicated by the yellow horizontal line through 
the cell soma in (A). To measure changes in {Ca^^], over time at the same relative position 
in somata of migrating cells, a single line was scanned at a fixed point every 2 s, for a period 
of 6 min. Sequential intensities of die fluorescence signal are displayed from top to bottom. 
(C) Time cx)urse of [Ca^M, change in the cell illustrated in (B). Upward deflections represent 
eievaiions in [Ca^^ J, and downward deflections indicate decides in [Ca^^ L . (D) Pseudocolor 
frame images of a migrating cell exhibiting spontaneous elevations in [Ca}^l . The migrating 
cell exhibited spontaneous multiple elevations in [Cdr '-l during somal translocation, although 
their frequency and amplitude were irregular. Numerals at the bottom of each photograph 
indicate time in minutes. Bar = 5 ^m. (From Komuro and Rakic, Neuron 17:275-285 © 1996 
Cell Press, reprinted with permission.) 
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Figure 7 Ratiometric measurements of spontaneous in- 
tracellular Ca'^^ fluctuations in migrating cells. Granule 
cells were coloaded with 3 fiM Fluo-3 and 4 f^M Fura- 
Red. The 514-nm line of the argon laser was used to 
excite both fluorophores, while fluorescence emission 
was detected simultaneously at 540 i 15 nm (Fluo-3) 
and >600 nm (Fura-Red) by the dual-emission mode of 
a laser-scanning confocal microscope. (A) Changes in 
the fluorescence intensity of Fluo-3 and Fura-Red taken 
from the soma of a migrating granule cell. Upward de- 
flections in Fluo-3 signals (dotted line) represent eleva- 
tions in [Ca^*]/ f and downward deflections represent de- 
creases in [Ca^'^l/. In contrast, upward deflections in 
Fura-Red signals (solid line) represent decreases in 
[Ca^^'lu and downward deflections represent elevations 
in [Ca^' ji . (B) Time course of changes in Fluo-3/Fura- 
Red ratio signal. Upward deflections in Fliio-3/Fura-Red ^ 
ratio signals represent elevations in [Ca^*]/, and down- 
ward deflections indicate decreases in tCa^^], . Fluo-3/ 
Fura-Red ratio signals were calculated by dividing pixel 
values of Fluo-3 fluorescence intensity by pixel values 
of Fura-Red fluorescence intensity. 



of each Ca^"" elevation, the distance traversed by 
the cell body was the largest. In contrast, at each 
trough of Ca*'^ fluctuation, the cell remained sta- 
tionary or exhibited a small backward movement. 
These results suggest that individual fluctuations in 
[C3L^^]i in migrating neurons may contt-ol different 
phases of their saltatory movement. 

If [Ca^'^li fluctuations are involved in regulating 
cell movement, fast- and slow-moving cells might 
exhibit different sizes and/or cycles of Ca^^ fluctu- 
ations. To test this possibility, the amplitude and 
frequency of Ca^'^ elevations were analyzed as a 



function of the rate of single cell movement (Ko- 
muro and Rakic, 1996). Despite considerable varia- 
tions in (Ca^^li elevations in individual cells, there 
was a clear positive correlation between die rate of 
cell movement and both the amplitude and fre- 
quency components of Ca^*^ fluctuations (Fig. 9), 
The correlation coefficient between the rate of cell 
movement and the amplitude of Ca^^ fluctuations 
was 0.74, and that of the rate of cell movement and 
the frequency of Ca^* fluctuations was 0.83. For 
example, fast-moving cells exhibited a larger ampli- 
tude and higher frequency of Ca^"" fluctuations than 
slow-moving cells. Furthermore, cells that dis- 
played a higher amplitude of Ca^*" fluctuations dem- 
onstrated more frequent changes in [Ca^*"]i dian 
cells that displayed lower amplitudes. Taken to- 
gether, these results suggest that both the amplitude 
and frequency components of Ca^^ fluctuations may 
be one of the intracellular signals controlling the 
rate of cell movement 

Previous studies showed that transient elevations 
of [Ca^^]; are essential for initiating and main- 
taining the movement of cells ranging in type from 
fibroblasts to immature glial cells (Newgreen and 
Gooday, 1985; Sawyer et at, 1985; Jaconi et al., 
1991; Moran, 1991; Brundage et at, 1993; Anton 
et at, 1995). For example, an increase in the rate 
of Schwann cell migration induced by the applica- 
tion of antibodies to the cell surface glycoprotein, 
CD9, was correlated with a rise in [Ca^"^], (Anton 
et at, 1995). Likewise, migrating human neutro- 
phils exhibit multiple increases and decreases in 
[Ca^^^l, (Marks and Maxfield, 1990). Buffering of 
[Ca^"*^], by the addition of the cell-permeant cal- 
cium ion chelator B APT A- AM or removal of extra- 
cellular Ca^^ blocks transient increases in [Ca^*"], 
in neutrophils, and thus reduces or inhibits cell mi- 
gration (Maries and Maxfield, 1990). 

COMBINATION OF AMPLITUDE AND 
FREQUENCY OF INTRACELLULAR 
CALCIUM FLUCTUATIONS CONTROLS 
RATE OF CELL MOVEMENT 

it is well known that the average [Ca^""], affects 
the motility of growth cones and the rate of neurite 
extension (Kater and Mills, 1991; al-Mohanna et 
at, 1992). Does the average [Ca^"],. independent 
of Ca fluctuations, affect the movement of granule 
cells? To test this possibility, the average [Ca^'^Ji 
was changed without a corresponding change in the 
amplitude and frequency of Ca^^ fluctuations (Ko- 
muro and Rakic, 1996). Addition of a Ca^^ iono- 
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Figure 8 Temporal correlation between individual Ca^" fluctuations and individual cell move- 
ment during migration. (A) Example of the time course of intraceliular Ca'^ chjinges in a 
migrating ceil. Upward deflections represent elevations in [Ca^^],, and downward deflections 
mdicate decreases in [Ca^^ L . (B ) The direction and distance traversed by the same ceil during 
each minute of the testing period. Positive values represent forward movement of the ceil body 
while negative values represent backward movement. Frame images of migrating cells loaded 
with 1 Fluo-3 were recorded every 30 s for 45 mln. (From Komuro and Rakic, Neuron 
17:275-285, © 1996 Cell Press, reprinted with permission.) 



phore, 100 nM ionomycin, to the medium increased 
the average intracellular Ca^"^ level (F,/2) (which 
was calculated as the Ca^^ level midway between 
peak and trough of Ca*"^ fluctuations, from 92 nM 
to 250 nM), but did not affect significantly the am- 
plitude and frequency of Ca^' fluctuations [Fig. 
lO(A-C)]. Interestingly, the ionomycin-induced 
elevations of average [ Ca^^], failed to substantially 
affect the rate of cell movement [Fig. 10(D)]. 

To further examine the relationship between the 
average [Ca^^ J,- and cell movement, Ca^^ fluctua- 
tions in migrating cells that showed elevated 
[Ca^*], were blocked (Komuro and Rakic, 1996). 
The addition of 1 fiM w-conotoxin GVIA, 100 //A/ 
D-AP5, 1 fiM thapsigargin, and 50 nAf ionomycin 
to the medium increased the average [Ca^^ J. from 
101 nM to 154 nM [Fig. 10(E)]. The size of these 
tonic elevations of average [Ca^'], was approxi- 
mately similar to the elevations of Ca^^ levels seen 
during spontaneous Ca^* fluctuations. However, the 
application of diese compounds decreased both the 
amplitude (to 16% of control value) and frequency 
(to 36% of control value) of Ca^"" fluctuations 
[Figs. 10(F,G)]. Importandy, blocking Ca^^ fluc- 
tuations widi concomitant tonic elevations of aver- 
age [Ca^"],- in the migrating ceils resulted in a sig- 
nificant decrease in the rate of ceil movement, to 
18% of the control value [Fig, 10(H) |. Taken to- 
gether, these results demonstrate that die rate of 
granule cell migration does not depend on the aver- 
age [Ca^^],. 



If the amplitude and frequency components of 
Ca^^ fluctuations control the migratory behavior of 
granule cells, experimentally induced changes in 
these components would affect their movement. To 
address this issue, Ca^' fluctuations in migrating 
cells were altered either by changing Ca^^ influx 
through the plasma membrane or by decreasing 
Ca^"" release from intracellular Ca^^ stores (Ko- 
muro and Rakic, 1996). Reduction of Ca^"^ influx 
by lowering extracellular Ca^^ concentrations from 
1.8 mM to 0.1 mM resulted in a 68% decrease in 
the amplitude of spontaneous Ca^'*^ elevadons [Fig. 
1 1 (A)], Moreover, blocking N-type Ca^"" channels 
with 1 fxM w-conotoxin GVIA or NMDA receptors 
with 100 ^ D'APS resulted in a decrease in the 
amplitude of spontaneous Ca^"" elevadons to 45% 
and 49% of control values, respectively [Fig. 
II (A)]. The reduced Ca^^ concentradons and the 
blockade of N-type Ca^ ' channels or NMDA recep- 
tors also reduced the frequency of Ca^ "^ fluctuations 
to 62%, 85%, and 74% of the control value, respec- 
tively [Fig. 11(B)]. Most importantly, diis reduc- 
rion was linearly related to the rate of cell movement 
[Fig. n(A,B)]. Furthermore, reduction of Ca^"^ 
release from intracellular Ca^^ stores by 1 fiM thap- 
sigargin decreased die amplitude of Ca^^ elevations 
to 90% of die control value and slowed cell move- 
ment to 78% of the control value without significant 
effects on the frequency of Ca^^ elevations (Ko- 
muro and Rakic, 1996). These results demonstrated 
that the rate of granule cell movement is highly 
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Figure 9 Positive correlation between the amplitude 
component of Ca^"*" fluctuations and the rate of cell move- 
ment { A) » and between the frequency component of Ca^"^ 
fluctuations and the rate of cell movement (B). Each 
point displays either the size or frequency of Ca -'^ fluctu- 
ations in relation to the rate of cell movement of a single 
neuron, (From Komuro and Rakic, Neuron 17:275-285. 
© 1996 Cell Press, reprinted with permission.) 



sensitive to changes in the amplitude and frequency 
of Ca^^ fluctuations. 

The role of the amplitude and frequency of Ca^^ 
fluctuations in controlling ceil migration was con- 
firmed by the demonstration that the accelerated 
forward movement of granule cells can be induced 
by large elevations in [Ca^^h (Komuro and Rakic, 
1996). Intracellular Ca^"^ levels of migrating gran- 
ule cells were repeatedly elevated by 3-min pulses 
of depolarizing levels of KCl delivered every 14 
min. Each application of 30 mAf KCl resulted in 
large elevations in [Ca^'^]^ and concomitant in- 
creases in die forward movement of migrating cells 
(Fig. 12). Furthermore, the application of KCl sig- 
nificantly increased the distance traveled by the cell 
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Figure 10 Average intracellular Ca^"" levels do not affect 
the rate of ceil movement ( A-D) Effect of applying 100 
nAf ionomycin, a Ca^^ ionophore, on (A) the average 
[Ca^*]/ level (Fm). (B) the size of Ca^" fluctuations, (C) 
the frequency of Ca^"^ Alternations, and (D) the rate of cell 
movement in migrating cells. (E-H) Effect of applying 1 
ptM a;-conotoxin-GVlA (w-CgTx), 100 ^juM D-AP5, 1 /Mf 
thapsigargin» and 50 nM ionomyctn on (E) the average 
{Ca^^'L level (F1/2), (F) the size of Ca^"" fluctuations, (G) 
the frequency of Ca^"*" fluctuations, and (H) the rate of cell 
movement Frame images of migrating ceils loaded with 1 
fiM FIuo-3 were recorded every minute f<ar a total of 60 
min, including the period before and after the addition of 
these compounds. Each column represents the average ob- 
tained from 28 n^igrating cells (A-D) and 10 migrating 
cells (E-H). Asterisks indicate statistical significarK:e (p 
< .01). Bar = S.D. (From Komuro and Rakic, Neuron 
17:275-285, © 1 996 Cell Press, reprinted wiUi permission,) 
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Figure 11 Experimentally induced reductions in Ca^^ 
fluctuations affect the rate of cell movement. To alter the 
amplitude components (A) and/or the frequency compo- 
nents (B) of the Ca^"^ fluctuations in migrating granule 
cells» Ca^^ influxes were reduced by lowering extracellu- 
lar Ca^* concentrations from 1.8 mAf to 0.1 mM, or by 
adding 1 ^ w-conotoxin-GVIA (w-CgTx) or 100 /aA/ 
D-AP5. Furthermore, the C'a}^ fluctuations were also 
modified by an application of 1 /xAf thapsigargin (thapsi ) , 
which decreases Ca^^ release from intracellular Ca^*^ 
stores. Importantly, reduction of the amplitude compo- 
nents (A) or the frequency componenLs (B) of the Ca^* 
fluctuations was linearly related to the rate of granule cell 
movement. Each agent was added to culture medium in 
separate experiments. Images were recorded every minute 
for a total of 60 min» including the period before and 
after the addition of each agent. Each experimental group 
(indicated by filled symbols) should be compared with 
the appropriate control (indicated by open symbols). 



during the accelerated forward movement (Fig. 12), 
For example, the average distance traveled by the 
cell during each 30 s of forward movement was 0.3 
p^m at control levels, while die distance during the 
application of KCl increased to 0.6 ptm. Taken to- 
gether, these results indicated that the combination 
of amplitude and frequency components of intracel- 
lular Ca^^ fluctuations provide an intracellular sig- 
nal controlling the granule cell migration. 

The cellular mechanisms underlying the genera- 
tion of Ca^"^ fluctuations ob.served in migrating neu- 
rons are similar to those of growth cones, but there 
are also noticeable differences (Kater and Mills, 
1991; Gu and Spitzer, 1993, 1995; Gu et al, 1994). 
For example, the rate of cell migration is positively 
correlated with the amplitude and frequency compo- 
nents of Ca^^ fluctuations. In contrast, spontaneous 
and/or experimentally induced Ca^"*^ spikes in 
growth cone %\o\v neurite migration (Gomez et al., 
1995). Neurite outgrowth is significantly reduced 
immediately and transiently following Ca-' spikes 
(Gomez et al., 1995), It is important to emphasize 
that transient elevations of [ Ca^^], in growth cones 
do not synchronize with the elevation of {Ca^*^], in 
the cell bodies of differentiating neurons (Gomez 
et al., 1995). Moreover, | Ca^'* J,- in growth cones 
fluctuates more frequently and over a greater ampli- 
tude than docs [Ca^^]^ in cell bodies in differentiat- 
ing neurons (Gomez et al., 1995), However, the 
major difference between diese two cellular events 
is the translocation of the cell nucleus and sur- 
rounding cytoplasm in migrating neurons. This 
translocation may depend on the assembly and dis- 
assembly of microtubules (Gregory et al., 1988; 
Rajcic et al., 1996), whereas the motility of growth 
cones depends largely on the assembly and disas- 
sembly of actin filaments (Okabe and Hirokawa, 
1991; Forscher et al., 1992), Such differences may 
explain, in part, the differences in the roles of Ca''^ 
fluctuations in neuronal cell migration and neurite 
outgrowth. 

It is not well understood how transient elevations 
of [Ca^^]^ control cell motility. One possibility is 
that fluctuations of [Ca^^], regulate the dynamic 
assembly and disassembly of cytoskeletal elements 
required for the operation of a force-generating 



Each value is the average obtained fmro 10 migrating 
cells. Bar S,D. (From Komuro and Rakic, Neuron 
17:275-285, © 1996 Cell Press, reprinted with permis- 
sion.) 
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Figure 12 Experimentally induced transieat elevations in intraceiiular Ca^"" levels accelerate 
forward movement of granule cells, (A) Example of the time course of intracellular Ca^' 
changes in a migrating cell loaded with Fluo-3. Intracellular Ca^* levels in the migrating cell 
were repeatedly elevated by the application of short (3-min) pulses of 30 mM KCl. Upward 
deflections represent elevations in [Ca^^]^, and downward deflections indicate decreases in 
[Ca^-*"]. . Each asterisk indicates the peak of spontaneous Ca^^ fluctuations. (B) The direction 
and distance traversed by the same cell during each 30-& interval of the testing period. Positive 
values represent forward movement of the ceil body, while negative values represent backward 
movement. Filled columns represent the direction and distance traversed by the cell during die 
application of KCl, while stippled columns represent spontaneous movements of the same celL 
(From Komuro and Rakic, Neuron 17:275-285. © 1996 Cell Press, reprinted with permission.) 



mechanism involved in cell movement (Rakic et 
al., 1996), Furthermore, elevation of [Ca^""], in 
neutrophils leads to the disruption of specific sites 
of attachment to an adhesive substratum (Marks and 
Maxfield, 1990). Changes in [Ca^*], in migrating 
neurons may modulate the repetitive formation and^ 
elimination of binding sites between migrating neu- 
rons and their migratory substrates. Intraceiiular cal- 
cium may control conformational changes of cell 
adhesion molecules, such as integrins, which are 
expressed on the plasma membrane of migrating 
neurons (Fishell and Hatten, 1991; Hynes, 1992; 
Clark and Brugge, 1995; Lawson and Maxfield, 
1995). 



CONCLUSION 

The orchestrated activity of ion channels, neuro* 
transmitter receptors, and intracellular Ca^^ fluctu- 
ations can. at least in part, explain position-specific 
changes in cell shape and nugratory behavior of 
granule cells. Despite these new discoveries, the 
isolation of the responsible extracellular signaling 



molecules remains a continuing challenge. In partic- 
ular, the question of which local environmental cues 
induce the completion of granule cell movement in 
the deep strata of the EGL remains to be elucidated. 
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